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A new luciferase from V. campbellii (Lux_Vc) was cloned and expressed in
Escherichia coli and purified to homogeneity. Although the amino acid sequences
and the catalytic reactions of Lux_Vc are highly similar to those of the luciferase
from V. harveyi (Lux_Vh), the two enzymes have different affinities toward reduced
FMN (FMNH�). The catalytic reactions of Lux_Vc and Lux Vh were monitored by
stopped-flow absorbance and luminescence spectroscopy at 48C and pH 8. The
measured Kd at 48C for the binding of FMNH� to Lux_Vc was 1.8 kM whereas to
Lux_Vh, it was 11kM. Another difference between the two enzymes is that Lux_Vc is
more stable than Lux_Vh over a range of temperatures; Lux_Vc has t1/2 of 1020 min
while Lux_Vh has t1/2 of 201 min at 378C. The superior thermostability and tighter
binding of FMNH� make Lux_Vc a more tractable luciferase than Lux_Vh for further
structural and functional studies, as well as a more suitable enzyme for some
applications. The kinetics results reported here reveal transient states in the
reaction of luciferase that have not been documented before.
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Abbreviations: C1, reductase component of p-hydroxyphenylacetate hydroxylase from Acinetobacter
baumannii; FMNH�, reduced form of FMN; HPA, p-hydroxyphenylacetate; Kd, dissociation constant;
kobs, apparent rate constant; Lux, luciferase; Lux_Vc, luciferase from V. campbellii; Lux_Vh, luciferase from
V. harveyi; Lux:FMN, complex of luciferase and oxidized FMN; Lux:FMNH�, complex of luciferase and
reduced FMN.

Bacterial bioluminescence is a phenomenon caused
by luciferase (Lux), an enzyme catalyzing the reaction
of O2 with reduced FMN and a long-chain aliphatic
aldehyde, and resulting in oxidized FMN, water, and
a fatty acid, with concomitant emission of blue–green
light (Fig. 1) (1, 2). This reaction has been found mainly
in the three genera, Vibrio, Photobacterium, and
Xenorhabdus, and the enzymes from only five species
have been isolated and studied: Vibrio(Photobacterium)
fischeri, Vibrio(Beneckea) harveyi, Photobacterium phos-
phoreum, Photobacterium leiognathi, and Photorhabdus
(Xenorhabdus) luminescens (3–5). The first four species
are found in marine environments, while the last species
is found in terrestrial habitats (6–9). All of these enzymes
catalyze the same chemical reactions and are hetero-
dimers composed of an a subunit with a molecular mass
of 40–52 kDa and a b subunit with a molecular mass of
36–41 kDa (1, 6, 10–16). The amino acid sequences of all
these enzymes are similar (50–60% identity). However,
the kinetics of light decay among luciferases
from different species varies, with the luciferase from

V. harveyi (Lux_Vh) having the slowest light decay
kinetics (�0.12 s�1 at 308C). The rest have considerably
faster rates of decay of �1 s�1 at 308C (17–19). Variation
has also been found in the spectrum of light emitted from
different bacterial strains. In V. fischeri strain Y-1,
a yellow fluorescent protein (YFP) was reported as an
accessory protein that formed a transient complex with
Lux and shifted the emitted light to longer wavelengths
(17, 20–22). A similar accessory protein called lumazine
was isolated from P. phosphoreum and P. leiognathi. In
contrast to YFP, lumazine actually shifts the emitted
light to shorter wavelengths (23–25).

Studies have shown that FMNH� is the first substrate
binding to Lux, and then oxygen reacts rapidly with
the bound FMNH� to form a C(4a)–peroxyflavin (C(4a)–
FMNHOO�) (26–29). In the absence of aldehyde sub-
strate, this intermediate slowly eliminates H2O2 to yield
FMN with no emission of visible light (26–27). When
present, aldehyde binds and reacts with the bound C(4a)-
FMNHOO– to form a flavin–C(4a)–peroxyhemiacetal
adduct (C(4a)–FMNHOOR), which then decomposes to
form the carboxylic acid product and an excited
flavin intermediate that emits blue–green light (30, 31).
The species emitting light was shown to be an excited
state C(4a)–hydroxyflavin (C(4a)–FMNHOH) (30, 32),
which, after emitting light, dehydrates to yield FMN.
It should be noted that the fluorescence quantum yield of
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flavin analogues mimicking the luciferase emitter is very
low (less than 10�5) (33, 34). It has been shown that
specific properties of the luciferase active site are major
factors in increasing the quantum yield of the flavin,
because the fluorescence of 5-decyl-4a-hydroxy-4a,5-dihy-
droriboflavin-50-phosphate is markedly increased when
bound to the luciferase (35). Therefore, knowledge of the
binding interactions between the flavin substrate and
luciferase is crucial for understanding the molecular
basis underlying the light emitting reaction.

The crystal structure of Lux_Vh at 1.5 Å resolution
shows that each subunit folds into a single domain made
up of an eight-stranded b/a TIM barrel motif (36). The
structure obtained had no flavin bound due to its low
affinity for the flavin substrate, and hence the precise
location of the active site is not yet known (36, 37). Based
on molecular docking and site-directed mutagenesis
studies, the active site is predicted to be at the
C-terminal part of the TIM barrel of the a-subunit
(36–39). Site-directed mutagenesis experiments have
shown that changes of several residues in this area
affect Km values for FMNH� as well as the light yield of
Lux_Vh (18, 26, 40–49).

Here, we report the identification and isolation of
a bacterial luciferase that efficiently catalyzes the light-
emitting reaction, binds more tightly to the FMNH�

substrate, and is more thermostable than Lux_Vh.
Therefore, the novel enzyme is a good candidate for
obtaining crystals with coherent flavin binding. Details
of the cloning, expression, and characterization of this
luciferase from Vibrio campbellii (isolated from the
southern seashore of Thailand) are described.

MATERIALS AND METHODS

Materials—All laboratory chemicals used were of
analytical grades and mostly purchased from Sigma
Chemical Co. Dodecyl aldehyde was from Aldrich and
sodium dithionite was from Fluka. Sephadex G-200 and
DEAE-Sepharose were from Pharmacia. Restriction
endonucleases (NdeI, BamHI), DNA polymerase, and
DNA modifying enzymes were purchased from New
England Biolabs. Proofreading DNA polymerase (Pfu)
and the T-A cloning vector (pGEM-T) were from
Promega. The expression plasmid (pET-11a) was from
Novagen, and DNA and plasmid preparation kits were
obtained from Qiagen. FMN was prepared by conversion
of FAD to FMN with snake venom from Crotalus
adamanteus (50, 51). This provided FMN that was
highly pure. Commercial FMN is frequently only �70%
pure. In brief, FAD (2.5 mg/ml) and venom (50mg/ml) in
20 mM potassium phosphate buffer, pH 7.0 were incu-
bated overnight in the dark. The reaction mixture was

loaded onto a C18 Sep-Pak� cartridge (Waters) pre-
equilibrated with 20 mM potassium phosphate buffer pH
7.0 and the cartridge was then washed with 10 mM
potassium phosphate buffer pH 7.0. FMN was eluted
from the column with water and the solution was
lyophilized. The FMN obtained was analyzed by thin-
layer chromatography (Silica gel 60 F254 Merck) using
n-butanol/glacial acetic acid/water (3.75: 4.75: 1.5 v/v).
FMN, FAD, and riboflavin were used as standards.

The reductase component of p-hydroxyphenylacetate
(HPA) hydroxylase (C1) (51) was kindly provided
by Dr. Jeerus Sucharitakul, Faculty of Dentistry,
Chulalongkorn University, Thailand, and pAM1582UE9
used for preparation of plux_Vh was a generous gift from
Prof. Kazuki Terauchi, Division of Biological Science,
Nagoya University, Japan and Prof. J. Woodland
Hastings, Department of Molecular and Cellular
Biology, Harvard University, USA.

Concentrations of the following compounds were
determined using known extinction coefficients at
pH 7.0: NADH, e340 = 6.22 mM�1 cm�1; HPA, e277 =
1.55 mM�1 cm�1 (52); FAD, e450 = 11.3 mM�1 cm�1; FMN,
e450 = 12.2 mM�1 cm�1; C1, e450 = 12.8 mM�1 cm�1 (51).
Isolation and Identification of Light-emitting

Organisms—Seawater obtained from the southern sea-
shore of Thailand was inoculated into artificial seawater
medium (ASW) (19) and then maintained at room
temperature (28–308C) for cultivation of luminous organ-
isms. The luminous cultures were transferred several
times by diluting and spreading onto agar plates of ASW.
Luminescent colonies were selected and re-grown on
ASW agar plates to obtain pure cultures. Each bacterial
strain was classified for its species designation by
comparing its 16S rDNA sequence against the known
16S rDNA genes in the database (53, 54). Genomic DNA
from each isolated luminous bacterial strain was
extracted and purified using Qiagen DNA purification
kits. Partial 16S rDNA was amplified from genomic DNA
by PCR using a proofreading polymerase (Pfu) with the
nucleotides 50-AGAGTTTGATCCTGGCTCAG-30 (sense
strand: fD1) and 50-ACGGTTACCTTGTTACGACTT-30

(anti-sense strand: rP1) corresponding to positions 6-25
and 1492-1512 on the 16S rDNA of V. vulnificus,
respectively. The resulting PCR product (1.4 kb) was
then directly sequenced using primers fD1, rP1, and Int1
(50-TACGGGAGGCAGCAGTGGGGAATA-30 correspond-
ing to the sequence 351-374 of the 16S rDNA of
V. harveyi). A nucleotide similarity search was done
using the BLAST program provided by GenBank.
Cloning of the Gene Encoding Luciferase from

V. campbellii—The amino acid sequences of subunits of
fatty acid reductase (LuxD and LuxE) from the lux
operon of Photobacterium phosphoreum (NCMB844) (55),
Photobacterium leiognathi (ATCC25521) (13), Vibrio
harveyi (15, 56), and Vibrio fisheri (MJ-1) (11) were
used for multiple sequence alignment (ClustalW version
v1.83, http:/www.ebi.ac.uk/clustalw/). Regions conserved
among all species were used for designing degenerate
primers. Because the genes encoding LuxD (luxD) and
LuxE (luxE) flank the gene encoding both subunits of the
luciferase (luxAB) at the 50 and 30 ends, the PCR product
resulting from using these degenerate primers should

FMNH2 + RCHO + O2 FMN + RCOOH + H2O
Luciferase

Light (hn )

Fig. 1. The reaction of bacterial luciferase.
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cover the entire luxAB gene. The sense strand primer
corresponding to the region in luxD was designed to
be 50-(A/G)TIGTI(C/T)TI(C/A)GIAA(C/T)TT(C/T)TA(C/T)
CA-30 (fluxD), while the anti-sense strand corresponding
to the region in luxE was designed to be 50-A(A/G)I(G/C)
(A/T)IATIAC(A/G)TA(C/T)TT(A/G)AACCA-30 (rluxE). The
PCR reaction using these primers and the genomic DNA
of V. campbellii as a template resulted in a product of
�2.5 kb. The product was subcloned into a T-A cloning
vector (pGEM-T), and analyzed for its sequence. The
result indicated that this 2.5-kb PCR product contained
the entire gene luxAB.

The plasmid for expression of Lux_Vc was constructed
by amplifying the full-length gene of luxAB from
V. campbellii genomic DNA using a proofreading poly-
merase (Pfu) and primers 50-AGGAAATCATATGAAATT
TGGAA-30 (sense strand) and 50-CCTTCAGGATCCGTT
AAACGTTACG-30 (anti-sense strand). The primers were
designed to incorporate the recognition sites (underlined)
of NdeI into the sense strand and BamH1 into the anti-
sense strand. The resultant PCR product was then
treated with NdeI and BamH1, purified by agarose gel
electrophoresis, and ligated into the pET-11a expression
vector that had been previously digested with NdeI and
BamH1. The ligation product was designated as plux_Vc,
and was transformed into the expression host E. coli
strain BL-21 (DE3). Colonies containing plux_Vc were
identified from LB/ampicillin agar plates, and plux_Vc
was verified to contain the correct gene luxAB from
V. campbellii by sequencing analysis.

The plasmid for expression of luciferase from
V. harveyi (Lux_Vh) was constructed by amplifying the
lux_Vh gene from pAM1582UE9 using a proofreading
polymerase and primers 50-AAGGAAATCATATGAAAT
TTGG-30 (sense strand with NdeI restriction site (under-
lined) and ATG for in-frame translation initiation) and
50-TGAGGGGATCCCATGAAAATC-30 (anti-sense strand
with BamH1 restriction site (underlined)). The resulting
PCR product was treated with NdeI and BamH1, and
then purified by agarose gel electrophoresis. The purified
DNA was ligated into pET-3a pre-digested with NdeI and
BamH1 to generate the plux_Vh plasmid for protein
expression. The plasmid was transformed into E. coli
strain BL-21(DE3) and positive clones were selected by
using LB/ampicillin agar. The sequence of the insert was
analyzed to verify that plux_Vh contained the same
sequence as the gene of lux_Vh (accession code P07739
for LuxB (12) and P07740 for LuxA (10)).
Expression and Purification of Luciferase—E. coli cells

harbouring plux_Vc and plux_Vh were cultured in sterile
Luria-Bertani (LB) medium supplemented with ampicil-
lin (100 mg/ml). The culture was maintained at 378C
using an incubator shaking at 250 rpm until the OD600

reached �1.2. Then, the temperature of the culture was
changed to 258C and IPTG was added to a final
concentration of 1 mM. When the culture reached an
OD600 �4.0, cells were harvested by centrifuging at
5000� g at 48C for 8 min and then stored frozen at
�808C until used. The expression under the conditions
described above generated a high fraction of soluble
cellular protein as Lux (about 50%) and typically yielded
3.5 g of cell paste per 1 L of culture.

Unless otherwise specified, all purification procedures
were performed at 48C. Frozen cell paste was thawed and
suspended in 50 mM sodium phosphate at pH 7.0,
containing 60 mM phenylmethanesulfonylfluoride, and
0.3 mM EDTA. Cells were disrupted by sonication
(Sonic Vibra_cellTM; Model VCX750) and then centri-
fuged at 100 000�g for 60 min. Cell debris was discarded
and the clear lysate was used for purification. This crude
extract was loaded onto a DEAE-Sepharose column,
previously equilibrated with 100 mM NaCl in 10 mM
sodium phosphate buffer pH 6.2. The column was eluted
with a 2 l linear gradient of 100–250 mM NaCl in 10 mM
sodium phosphate buffer pH 6.2. Fractions containing
luciferase were identified using a coupled assay with
the flavin reductase (C1), combined, and concentrated by
Centriprep� YM–30 (30 kDa cut off). Absorption at
280 nm was used to estimate the amount of protein in
each fraction. At this stage, the purity of Lux_Vc was
judged to be greater than 98% by analysis with 12%
SDS–PAGE, and the purified enzyme was kept in 30 mM
MOPS buffer pH 7.0 at -808C until used. For Lux_Vh, the
partially purified enzyme from DEAE-Sepharose chro-
matography was applied onto a Sephadex G-200 gel
filtration column pre-equilibrated with 100 mM sodium
phosphate buffer pH 7.0 and the enzyme was eluted with
the same buffer. From 12% SDS–PAGE analysis, the
purity of Lux_Vh was estimated to be greater than 98%.
The purified Lux_Vh was stored in 30 mM MOPS buffer
pH 7.0 at �808C until used.
Protein Properties—Molecular Mass of the Native

Enzyme

The molecular weight (Mr) of the native enzyme was
determined using a Pharmacia FPLC gel filtration
chromatography apparatus equipped with a Superdex
200 HR 10/30 column (Pharmacia). Proteins were
eluted with 150 mM NaCl in 50 mM sodium phosphate
buffer, pH 7.0 with a flow rate of 0.5 ml/min. The
Superdex column was calibrated with cytochrome c
(12.4 kDa), carbonic anhydrase (29 kDa), bovine serum
albumin (66 kDa), alcohol dehydrogenase (150 kDa), and
b-amylase (200 kDa). The void volume (Vo) of the column
was determined as the elution volume of Blue dextran
(2000 kDa). The molecular weight of luciferase was
determined from the ratio of Ve/Vo (Ve is the elution
volume) and a calibration line that was constructed by
plotting the logarithm of the known molecular masses of
protein standards versus their respective Ve/Vo values.

Molecular Mass of the Enzyme Subunits

The subunit molecular weight was determined by both
MALDI-TOF mass spectrometry and 12% SDS–PAGE.
For SDS–PAGE analysis, the molecular weight markers
used were phosphorylase b (97 kDa), bovine serum
albumin (66 kDa), ovalbumin (45 kDa), carbonic anhy-
drase (31 kDa), soybean trypsin inhibitor (21.5 kDa), and
lysozyme (14.4 kDa). The protein bands were developed
by staining the gel with Coomassie brilliant blue.
A calibration curve was generated by plotting the
logarithm of molecular weight of the standards versus
the relative mobility (Rf = distance migrated by protein/
distance migrated by dye). The molecular weight of
luciferase subunits was calculated by comparing the Rf
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of each protein with those of molecular weight standards.
Based on the amino acid sequences, the molecular
masses of the a and b subunits were calculated using
the ProtParam tool on the ExPaSy Proteomics server
(57). With the same software, the extinction coefficients
of both luciferases from V. campbellii and V. harveyi
were calculated to be e280 = 79.6 mM�1 cm�1.
Spectroscopic Studies—UV-visible absorbance spectra

were recorded with a Hewlett Packard diode array
spectrophotometer (HP 8453A), or a Shimadzu 2501PC
double beam spectrophotometer. Light emission and
fluorescence measurements were carried out with a
Shimadzu RF5301PC spectrofluorometer. These instru-
ments were equipped with thermostated cell
compartments.
Enzyme assays—Light generated from the luciferase

reaction was used to determine the enzyme activity, and
the reductase (C1) (51) was used to supply a constant
amount of FMNH� in the assay reaction. The intensity of
light emission was monitored at 490 nm by a spectro-
fluorometer with an emission slit width of 3 nm, using
no excitation source. The coupled assay was typically
performed at 258C in 1.2 ml of 50 mM sodium phosphate
buffer pH 7.0 containing 20 mM FMN, 100 mM
HPA, 100mM NADH, 40 mM dodecanal (freshly prepared),
0.5–1 mM luciferase, and excess C1 (1, 3, and 5mM).
The reaction was initiated by injecting 0.6 ml of a
solution containing NADH and dodecanal into 0.6 ml of
a solution containing FMN, C1, and dodecanal. The light
intensity rapidly increased and then decayed within
3 min. Total photons from each assay were calculated by
integrating the area beneath the luminescent trace and
the value was converted into quanta units by correlating
the quantum yield of the luminescent reaction to that of
luminol (0.0124 photon/one molecule of luminol) using
a protocol described previously (58, 59).
Rapid Reaction Experiments—The kinetics of Lux_Vc

and Lux_Vh reactions were investigated using stopped-
flow techniques (Hi-Tech Scientific instruments, models
SF-61, SF-61SX, or SF-61DX) at 48C using both absor-
bance and luminescence. The optical path lengths of the
observation cells were 1 cm. Xenon or tungsten lamps
were used as the light sources for absorbance measure-
ments, and the lamp was turned off during luminescence
monitoring. The stopped-flow apparatus was made
anaerobic by flushing the flow system with an oxygen-
scrubbing solution consisting of 400 mM glucose, 1 mg/ml
glucose oxidase (15.5 unit/ml), and 4.8 mg/ml catalase in
50 mM sodium phosphate pH 7.0. The oxygen-scrubbing
solution was allowed to stand in the flow system
overnight and was then thoroughly rinsed with an
anaerobic solution of 50 mM sodium phosphate pH 8.0,
at 48C before starting experiments. Typically, an anae-
robic solution containing luciferase in complex with
reduced FMN (FMNH�) was prepared in a tonometer
that was connected to one syringe, and this was mixed
with an oxygen-containing solution from the other
syringe of the stopped-flow instrument. In one glass
tonometer, a solution containing 36 mM FMN and 72 mM
Lux_Vc (2-fold excess) or 180 mM Lux_Vh (5-fold excess)
in 50 mM sodium phosphate pH 8.0 was made
anaerobic. Oxygen from the tonometer was removed by

alternatively evacuating and flushing with oxygen-free
argon or nitrogen that had been passed through an
oxygen removal column (Oxyclear) using a gas train.
This procedure was repeated for 10–12 cycles. The
absorption spectrum of FMN in the solution was recorded
and the FMN was stoichiometrically reduced with
aliquots from a sodium dithionite solution (�10 mM in
100 mM potassium phosphate pH 8.0) from a Hamilton
titrating syringe attached to the tonometer. The absence
of absorbance peaks around 380 and 450 nm indicated
that the FMN was fully reduced. The enzyme was mixed
with buffer (50 mM sodium phosphate pH 8.0) containing
various concentrations of oxygen with or without the
dodecanal substrate in the stopped-flow instrument.
Solutions with various concentrations of oxygen were
prepared by equilibrating buffer with air or with certified
oxygen/nitrogen gas mixtures. Details of individual
stopped-flow experiments are described in the figure
legends and text. Kinetic data were analyzed using
Program A (developed by Chun-Jen Chiu, Rong Chang,
Joel Dinverno, and Dr David P. Ballou, University of
Michigan). This software uses the Marquardt algorithm
to abstract from kinetic traces apparent rate constants
(kobs) and amplitudes for parallel or sequential mecha-
nisms, by obtaining the best fit to experimental data.
Determination of the second-order rate constants for
oxygen reacting with luciferase were carried out by
fitting plots of kobs versus concentrations of oxygen using
a linear least squares algorithm that is included in the
KaleidaGraph software (Synergy Software).
Determination of the Dissociation Constant (Kd) for

Binding FMN to Luciferase—Various concentrations
of Lux_Vc or Lux_Vh (40, 80, 150, and 200 mM) in
50 mM sodium phosphate pH 8.0 were mixed with 10 mM
FMN. Under equilibrium condition, the bound and free
FMN were separated using an ultrafiltration device
(Centriprep� YM–30, Amicon). The centriprep was
centrifuged at 200� g, 48C for 5 min to obtain a filtrate
of �800ml. The filtrate and retentate were analyzed for
the amount of free and bound FMN, respectively. A plot
of the amount of enzyme-bound FMN against free
enzyme concentration used represents the binding
isotherm for luciferase binding to FMN.

RESULTS

Identification of Luminous Bacteria—The species of
luminous organisms isolated were identified on the basis
of their 16S rDNA sequences as described in Materials
and Methods. Most of the identified organisms belonged
to Photobacterium or Vibrio genera, and the one chosen
for this study was identified as Vibrio campbellii. The
strain is a coccobacillus Gram-negative bacterium with
16s rDNA sequence 100% identical to the sequence of
Vibrio campbellii (ATCC 25920) (3, 53, 54, 60, 61). The
in vivo luminescent spectrum of V. campbellii has its
emission peak at 495 nm (Fig. 2). The in vivo lumines-
cence characteristics of V. campbellii have never been
reported, nor has the luciferase from this species been
isolated (53, 60–62).
Sequence Analysis of LuxAB from V. campbellii—A

complete sequence of lux_Vc was deposited in the
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GenBank database (accession number EF394780).
The gene had two open reading frames, with the first
encompassing nucleotides 1 to 1068 that encoded the a
subunit of luciferase (LuxA), and the second including
nucleotides 1095 to 2069 that encoded the b subunit of
luciferase (LuxB) (Fig. 3). The open reading frames of
LuxA and LuxB are arranged in a head-to-tail direction
and are separated by 26 non-coding nucleotides. The
translation of the open reading frames revealed polypep-
tides of 355 amino acids for LuxA and 324 amino acids
for LuxB with calculated molecular weights of 40.15
and 36.41 kDa, respectively. These molecular weights
are consistent with the subunit molecular weights of
Lux_Vc determined by SDS–PAGE (40 and 36 kDa for
the a and b subunits) and mass spectrometry (40.02 and
36.27 kDa). The native molecular weight of Lux_Vc is
76.56 kDa from analyses of sequence and is consistent
with the result from gel filtration chromatography
(67.5 kDa). Thus, the native protein structure is an ab
heterodimer like Lux_Vh. Sequences of the two subunits
of Lux_Vc share 30% identity. Comparison of Lux_Vc to
Lux_Vh (10, 12) shows that the enzymes share 98.8%
sequence identity and are only different by 3 amino acids
on the a subunit and 5 amino acids on the b subunit
(Fig. 3). Lux_Vc shares 57% sequence identity with Lux
from V. fischeri (63) and �52% identity with Lux from
Photobacterium species (13, 55) (data not shown). Since
the sequence of Lux_Vc is highly homologous to that of
Lux_Vh, the overall three-dimensional structure of
Lux_Vc must also be very similar to that of Lux_Vh.

Therefore, the structure of Lux_Vh (PDB accession code
1LUC, (36)) was used to locate the probable sites of these
8 amino acid residues (Fig. 4). Each subunit of Lux_Vh
folds into a single domain of a TIM barrel (b/a)8 motif
where the C-terminal part of the a-subunit barrel was
proposed to be the flavin binding site (indicated by the
arrow in Fig. 4) (38, 39, 48). The three amino acids
that are different on the a subunit are 68TVh/KVc in the
loop prior to b3-strand, 238RVh/KVc in the a7a-helix, and
321DVh/NVc in the turn before b8-strand (Figs. 3 and 4).
The 5 amino acids that are different on the b subunit are
20VVh/IVc in the a1-helix, 102AVh/VVc in the b4-strand,
193RVh/KVc in the loop between b6-strand and a6-helix,
256SVh/PVc in the loop prior to a7b-helix, and 265GVh/VVc

in the a7b-helix (Figs. 3 and 4). The a-subunit residues,
68TVh/KVc and 321DVh/NVc, are located at the N-terminal
part of the barrel while 238 RVh/KVc is at the protein
surface and the outer sphere of the proposed binding
pocket (Fig. 4). The b-subunit residue 102AVh/VVc is at
the N-terminal part of the b-subunit barrel, while
193RVh/KVc and 256SVh/PVc are at the C-terminal
region of the barrel. Residue 265GVh/VVc is located on
the protein surface while 20VVh/IVc of the a1-helix is
partially buried inside the protein. Therefore, the 8
amino acids of Lux_Vc that are different from those of
Lux_Vh do not reside within the area proposed to be
critical for binding flavin to Lux_Vh.
Expression, Purification, and Characterization of

Lux_Vc and Lux_Vh—The plasmids plux_Vc and
plux_Vh were transformed into E. coli BL21 (DE3) to
express Lux_Vc and Lux_Vh, respectively. It was found
that expression of each of the genes was optimal when
IPTG (1 mM) was added to the E. coli cultures at OD600

�1.2 and the temperature was kept at 258C during Lux
production. In both cases, cells were harvested when
their OD600 �4.0, which typically yielded �30 g of cell
paste from 8.4 l of cell culture. Lux_Vc and Lux_Vh were
purified according to the procedures described in
Materials and Methods. Only one chromatographic step
was required for Lux_Vc purification and 1.6 g of the
purified protein with a specific activity of 2.85� 1014

quanta/mg was obtained from 8.4 l cell culture. For
Lux_Vh purification, a second step of chromatography
was required to yield 0.96 g of purified enzyme from 8.4 l
culture. This procedure differs from that described in
(58) only in the DEAE-Sepharose chromatography, which
was carried out at pH 6.2 instead of 7.0.

Recombinant Lux_Vc and Lux_Vh are capable of
carrying out in vitro light-emitting reactions with spectra
as shown in Fig. 2. A luminescent emission spectrum
from the reaction of Lux_Vc coupled to the reaction of
a flavin reductase (see Materials and Methods) shows
a maximum intensity at 488 nm (dotted line in Fig. 2).
When the same concentration of Lux_Vh was employed
under the same conditions, a luminescent emission
spectrum with shape and intensity similar to that of
Lux_Vc was obtained (data not shown).
Reactions of Lux_Vc:FMNH� and Lux_Vh:FMNH�

with Oxygen—A solution of FMNH� (18 mM) and
Lux_Vc (36mM) in 50 mM sodium phosphate, pH 8.0,
was mixed in the stopped-flow apparatus at 48C with
50 mM sodium phosphate buffers, pH 8.0, containing
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Fig. 2. Luminescence of luciferase from V. campbellii.
The solid line represents an in vivo emission spectrum of
V. campbellii obtained from recording light emitted from the
bacterial culture. The in vitro spectrum (dotted line) was
obtained by recording the steady-state light produced from the
reaction of purified Lux_Vc, 20 mM FMN, 2 mM C1, 100 mM HPA,
40 mM dodecanal, and 100mM NADH in 1.2 ml of 50 mM sodium
phosphate buffer, pH 7.0. The spectra were recorded at 25�18C
using the spectrofluorometer without light input. The solid line
was multiplied by an arbitrary factor to normalize the two
spectra so that the emission shapes can be compared. The
in vitro Lux_Vc light emission is blue-shifted � 7 nm compared
to that of in vivo.
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a range of oxygen concentrations (Fig. 5). Kinetic traces
at wavelengths between 310 and 550 nm were recorded
for the first 40 s of the reaction. After 40 s, the reaction
was monitored every 30 s for 150 min by recording

spectra using the scanning mode of the stopped-flow
instrument. Figure 5 shows that the reaction of the
Lux:FMNH� complex with oxygen, as monitored at
390 nm, had 3 phases up to 10 s. The first phase (dead

Fig. 3. Complete nucleotide and amino acid sequences of
Lux from V. campbellii and predicted secondary struc-
tures. Panel A represents the sequence of the a subunit of
Lux_Vc while panel B represents that of the b subunit. The upper
line represents the nucleotide sequence while the translated
amino acid residues with predicted secondary structures based on
the structure of Lux_Vh (36) are represented in the lower line.

Amino acid residues of Lux_Vh that are different from those
of Lux_Vc are specified in the underlined and bold letters
beneath the Lux_Vc sequence. Broad arrow-like forms display b
strands and rectangular boxes indicate a-helical regions.
Remaining residues are parts of random coils. Asterisks (�)
indicate a stop codon.
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time till 0.02 s) was very rapid and dependent on oxygen
concentration. This phase was detected as an increase in
absorbance in the range of 350–410 nm, and a slight
decrease of absorbance at 450 nm. A plot of observed rate
constants of this phase versus oxygen concentrations was
linear and yielded a second-order rate constant of
1.95� 0.1� 106 M�1 s�1 (Inset of Fig. 5). When the
absorbance at the end of this phase (reaction time of
0.01 s) was plotted for the range of 310–550 nm, a spec-
trum with an absorbance maximum at 375 nm (filled
circle spectrum of Fig. 6) was obtained. Therefore, the
first phase can be interpreted as formation of C(4a)-
peroxy-FMN. The spectrum of this intermediate is sim-
ilar to those of previously reported C(4a)-hydroperoxy
flavins in the reaction of luciferase from V. harveyi
(27, 29, 32, 64), in chemical models for flavin-oxygen
intermediates (65, 66), in the class of single-component
aromatic hydroxylases (67–70), as well as with cyclohex-
anone monooxygenase (71), and with two-component flavin-
dependent hydroxylases such as p-hydroxyphenylacetate
3-hydroxylase from Acinetobacter baumannii and
Pseudomonas putida (72, 73). The second phase of the
reaction (0.02–0.7 s) was a decrease of absorbance at
390 nm with a rate constant of 13.6 s�1 that was indepen-
dent of oxygen concentration (Fig. 5). When the absorbance
at the reaction time of 0.25 s was plotted, a spectrum
with an absorbance maximum at 370 nm was obtained
(Fig. 6, curve with open circles). This spectrum is very
similar to the spectrum of the first intermediate, but is

blue-shifted �5 nm. The third phase (0.7–10 s) is detected
as a small increase in absorbance in the range of
370–400 nm with an observed rate constant of 1.5 s�1.
At the end of this phase (5 s from the start of

Fig. 4. The structure of luciferase from V. harveyi (1LUC)
(36) with locations of the amino acid residue differences
in Lux_Vc. The structure of Lux_Vh was generated with the
program PyMOL based on the X-ray structure of Lux_Vh at
1.5 Å resolution deposited in the Brookhaven Protein Data Bank
(PDB entry 1LUC) (36). The a subunit is shown in blue and the
b subunit in green. The arrow indicates the area proposed to be
the active site of the enzyme, the C-terminal part of the TIM
barrel of the a subunit. The left picture shows the active site
while the right picture was obtained from 1808 anti-clockwise
rotation of the left. The eight amino acid differences in Lux_Vc
are represented in red. The three amino acid differences on the
a subunit are 68TVh/KVc, 238RVh/KVc, and 321DVh/NVc. The five
amino acid differences on the b subunit are 20VVh/IVc, 102AVh/
VVc, 193RVh/KVc, 256SVh/PVc, 265GVh/VVc. Yellow colour indi-
cates the positions of amino acids that have been identified from
site-directed mutagenesis studies (18, 26, 40–46, 48–49) and
a model of the Lux_Vh-flavin complex (39) as important for
luciferase reaction and FMNH� binding.
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Fig. 5. Absorbance traces of the reaction of Lux_Vc:FMNH�

with oxygen. An anaerobic solution of Lux_Vc (36 mM) and
FMNH� (18mM) in 50 mM sodium phosphate buffer, pH 8.0 was
mixed with the same buffer containing oxygen at 0.13, 0.3, 0.61,
or 1.03 mM (from lower to upper traces) at 48C. Concentrations
are as after mixing. Kinetic traces were monitored at 390 nm.
The inset is a plot of the observed rate constants for the first
phase versus oxygen concentration. The plot shows a linear
relationship with the slope giving the second-order rate constant
for reaction with oxygen of 1.95� 0.1�106 M�1s�1.
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Fig. 6. Spectra of intermediates formed during the reac-
tion of Lux_Vc:FMNH� with oxygen. Similar experiments to
those in Fig. 5 were carried out and absorbance traces at various
wavelengths between 310 and 550 nm were recorded (to 40 s).
Spectra of the intermediates at different stages of the reaction
were obtained from plotting the absorbance at 0.01 s (filled
circles), 0.25 s (open circles), and 5 s (filled triangles). Dashed
lines represent the reduced enzyme and spectra recorded at 15
and 150 min after initiation of the reaction.
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the reaction), the spectrum obtained by plotting the
absorbance (Fig. 6, curve with filled triangles) is that of
a third transient intermediate with an absorbance
maximum at 370 nm (but a higher extinction than the
second intermediate); it also has characteristics of a
C(4a)-peroxy-FMN. The lower absorbance of the third
intermediate in the range 310–350 nm is due to the
concurrent reoxidation of dithionite. There is also a small
increase in absorbance between 430 and 500 nm that can
be explained by the reoxidation of a small fraction of
reduced flavin not bound to the enzyme (consistent
with the measured Kd for FMNH� shown below in
Fig. 9). The reoxidation of flavin bound to the enzyme
was slow, biphasic, and characterized by the appearance
of an intense absorbance band with a maximum at
445 nm (Fig. 6). A plot of the time course of absorbance at
450 nm (from the spectra taken between 1 and 150 min)
showed two phases of increase (data not shown). The
initial phase corresponded to an observed rate constant
of 0.002 s�1 and the final phase corresponded to a rate
constant of 0.0005 s�1. These slow phases are clearly
involved with the loss of hydrogen peroxide from the
C(4a)-peroxy-FMN to form FMN bound to the enzyme
and the release of FMN from Lux. The scheme in Fig. 7
summarizes the kinetic data obtained in the reaction of
oxygen with Lux_Vc:FMNH�.

When the same reaction above was carried out with
Lux_Vh, similar absorbance changes were obtained (data
not shown), but only when 90 mM of Lux_Vh was used
with 18 mM FMNH� (Fig. 8). When using a ratio of
Lux_Vh:FMNH� of 2:1, nearly 25% of FMNH� oxidized
as free flavin as shown by the increase of absorbance at
450 nm within the first 10 s after mixing for the Lux_Vh
reaction; when the same concentration of Lux_Vc was
used, only about 7% of FMNH� reacted as free flavin
(Fig. 8). This indicates that the dissociation constant for
binding of FMNH� to Lux_Vh is greater than that of
Lux_Vc. Our finding here is also consistent with previous
investigations of Lux_Vh at 258C in (74) where 75 mM of
Lux_Vh was required to bind 15 mM FMNH�. Thus,
a significant difference between Lux_Vc and Lux_Vh is
their affinities for the FMNH� substrate.
Binding of FMNH� to Lux_Vc and Lux_Vh—Although

binding of Lux_Vc to FMNH� caused some perturbations
in the FMNH� spectrum (data not shown), this change
was too small to be used for accurate determination
of the Kd for binding with FMNH�. We therefore used
the formation of the C(4a)-peroxy-FMN intermediate
as described in the previous section to estimate the
Kd values for the Lux_Vc and Lux_Vh complexes.
A solution of FMNH� was mixed in the stopped-flow

spectrophotometer at 48C with buffer solutions contain-
ing oxygen and various concentration of Lux_Vc or
Lux_Vh (Fig. 9). In this experiment, the C(4a)-FMN-
peroxide intermediate was completely formed at reaction
times ranging from 0.2 to 0.8 s (high to low enzyme
concentration); these times are much longer than those
for intermediate formation in Fig. 5, implying that the
rate of binding of FMNH� to Lux must limit the reaction
with oxygen. The oxygenated intermediate formed, as
measured by the absorbance at 380 nm, is directly
correlated with the amount of Lux productively bound
to FMNH� (Equation a). A Kd value for the binding of
Lux to FMNH� can be calculated according to Equation
b. The amplitude changes of the first phase (�A380)
versus the total concentration of FMNH� were plotted to
extrapolate the maximum change at 380 nm (�A380max),
which represents the absorbance change if all of the
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Fig. 8. Reaction traces showing differences in binding
affinity of Lux_Vc and Lux_Vh with FMNH�. Experiments
were performed by mixing an anaerobic solution of Lux_Vh (36
and 90mM) or Lux_Vc (36 mM) and FMNH� (18mM) in 50 mM
sodium phosphate buffer, pH 8.0 containing 0.13 mM oxygen in
the stopped-flow spectrophotometer at 48C. All concentrations
are reported as after mixing. The control reaction without any
enzyme present (18 mM FMNH�) is also shown. In the reaction
with Lux_Vh:FMNH� in a ratio of 2:1 (solid line), �25% of FMN
oxidized without binding to Lux_Vh. Almost no free FMN was
observed in the reaction with Lux_Vh:FMNH� in a ratio of 5:1
(lowest solid line), and with Lux_Vc:FMNH� in a ratio of 2:1
(open circles).
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Fig. 7. Kinetic mechanism of the reaction of Lux_Vc:FMNH� with oxygen.
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FMNH� were bound to Lux (data not shown). At each
Lux concentration used, the ratio of �A380/�A380max

represents a fraction of saturation for FMNH� binding to
Lux. This ratio can be used for calculating the amount of
bound and free Lux according to Equation c. A plot of the
amplitude changes of the first phase versus the concen-
tration of free Lux was plotted (Fig. 9) and this
represents the binding isotherm of Lux and FMNH�.
This plot yields Kd values for the complexes of
Lux_Vc:FMNH� and Lux_Vh:FMNH� of 1.8� 0.5 mM
and 11� 1mM, respectively.

½Lux�free þ ½FMNH��free> ½Lux : FMNH�� þ O2

�!½Lux : FMNHOO��
ðaÞ

Kd ¼
Lux½ �free FMNH�

½ �free

Lux : FMNHOO�
½ �

ðbÞ

Lux½ �free¼ Lux½ �total�
dA380

dA380max
FMNH�
½ �0 ðcÞ

Binding of FMN to Lux_Vc and Lux_Vh—To obtain Kd

values of the two luciferases for FMN, solutions of
FMN were mixed with various concentrations of each of
the two enzymes in 50 mM sodium phosphate, pH 8.0
and 48C. The free FMN was separated using an

ultrafiltration device as described in Materials and
Methods. Plots of bound FMN versus free Lux (Fig. 10)
were used to calculate the Kd values for Lux_Vc:FMN
(36� 3 mM) and Lux_Vh:FMN (84� 8 mM). Thus, Lux_Vc
binds more tightly than Lux_Vh to FMN as well as to
FMNH�.
Luminescence Kinetics—An anaerobic solution of

Lux_Vc and FMNH� in 50 mM sodium phosphate
buffer pH 8.0 was mixed in a stopped-flow apparatus at
48C with the same buffer containing 0.13 mM oxygen and
dodecanal. Light that was generated during the reaction
was detected with a photomultiplier tube attached to the
stopped-flow apparatus. Light emission occurred in two
distinct phases (Fig. 11, panel A). An initial burst that
accounts for only 1–2% of total light emission occurred
between 0.1 and 3 s (note the logarithmic scale of the
X-axis), while most of the light was emitted much more
slowly and reached maximum intensity at �80 s after
mixing (Fig. 11, panel A). Decay of the light emission
continued until �2000 s and is consistent with the rate
constant of 0.0025 s�1, which is due to the decay of
Lux_Vc:FMNHOH to form Lux_Vc:FMN as found in the
stopped-flow absorbance traces. When the reaction was
repeated at 258C (Fig. 12A), the initial burst of light was
present, but not as obvious. We postulate that the spike
of light may be due to a small population of Lux (perhaps
Lux in a different multimeric state) that catalyzes a
faster reaction than the bulk of enzyme. The results
showed that the light emission of both species of
luciferase was faster with increasing temperature
(Fig. 12A); however, the increase for the major popula-
tion may be more sensitive to temperature than that of
the minor species, causing both emission envelopes to
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Fig. 9. Thermodynamics of complex formation between
luciferase and FMNH�. A solution of FMNH� (7 mM) in 50 mM
sodium phosphate buffer, pH 8.0 was mixed with the same
buffer containing 0.13 mM oxygen and various concentrations of
Lux_Vc or Lux_Vh (4, 8, 16, 24, 28, 36, 48, 60, 70, 105, and
150mM) in the stopped-flow spectrophotometer at 48C.
All concentrations are given as after mixing. The amount of
C(4a)-FMN-peroxide formed, as noted by the absorbance at
380 nm, was obtained from the amplitude changes of the first
phase in the reaction. This value directly correlates with the
amount of Lux_Vc or Lux_Vh binding to FMNH� and was used
for plotting against the concentration of free enzyme. The plot
represents the binding isotherm of the Lux:FMNH� complex
and yielded the Kd value of 1.8� 0.5 mM for Lux_Vc:FMNH�

(filled circles) and 11� 1 mM for Lux:Vh:FMNH� (open circles).

0

0.2

0.4

0.6

0.8

100 200 300 400

F
M

N
b

o
u

n
d
/F

M
N

to
ta

l

Lux_Vc

Lux_Vh

Luxfree (µM)

0
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blend, and partially mask the kinetics of the minor
population. When the same types of reactions with
Lux_Vh in a ratio of Lux_Vh:FMNH� of 5:1 were carried
out at both 4 and 258C, similar results were observed
(Figs. 11B and 12B), including the initial spike of
emission. At 258C, formation and decay of the major
luminescent species tended to blend with the initial spike
like that with Lux_Vc. Therefore, it appears that this
initial spike is a common characteristic of Lux_Vc and
Lux_Vh.

Thermostability of Lux_Vc and Lux_Vh—Although the
structures of the these enzymes must be very similar, we
considered the notion that the difference in affinities for
flavin for the two enzymes may be due to some structural
stability differences that might be reflected in their
thermal properties. Lux_Vc and Lux_Vh were incubated
at various temperatures in 50 mM sodium phosphate
buffer, pH 7.0. Aliquots were removed at time intervals
and measured for light-emitting activity as described in
Materials and Methods. Figure 13 shows that Lux_Vc is
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Fig. 11. Luminescence kinetics of reactions of Lux_
Vc:FMNH� (A) and Lux_Vh:FMNH� (B) with oxygen in
the presence of dodecanal. A solution of Lux_Vc (36mM) or
Lux Vh (90 mM) and FMNH� (18 mM) in 50 mM sodium phosphate
buffer, pH 8.0 was mixed with the same buffer containing
0.13 mM oxygen and various dodecanal concentrations (20, 30,

40, 70 mM; lower to upper traces) in the stopped-flow spectro-
photometer at 48C. Concentrations are given as after mixing.
Traces with open circles on both panels are controls without
dodecanal. Light intensity was monitored by a photomultiplier
tube attached to the stopped-flow machine.
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more stable than Lux_Vh at 37, 40, and 458C. The same
pattern was also observed at other temperatures tested.
Thus, the small differences in protein sequences do have
interesting differential effects on the properties of the
enzyme.

DISCUSSION

In this report, we describe the identification, cloning,
expression in E. coli, ligand binding, kinetics of reactions
with oxygen, and thermal stability properties of bacterial
luciferase from Vibrio campbellii (Lux_Vc). The lumines-
cence characteristics of V. campbellii (Fig. 2) have not
been previously documented (3, 60). In the genus Vibrio,
in vivo luminescence has been reported for V. harveyi,
V. fischeri, V. logei, V. orientalis, V. splendidus, and
V. cholerae (5, 53), but only the enzymes of V. harveyi
(Lux_Vh) and V. fischeri have been isolated and studied.
We have found that Lux_Vc is similar to Lux_Vh, but
with at least two important differences. Lux_Vc has
a higher affinity for FMNH� and is more thermostable
than Lux_Vh. These differences suggest that Lux_Vc will
be useful for future mechanistic studies and future
applications. An example of the use of Lux_Vc in
mechanistic studies is presented in this paper.

Sequence analysis of chromosomal DNA from
V. campbellii showed that the lux operon is arranged in
the sequential pattern luxD, luxA, luxB, and LuxE, just
like the arrangement found in other lux operons (5, 75).
Compared to Lux_Vh, which is the most studied enzyme
among bacterial luciferases, the only differences in
sequence from Lux_Vc are in 8 amino acid residues
(Figs. 3 and 4) that are located outside the proposed

active site for Lux_Vh (36, 39). The oxygen reactions of
Lux_Vc in the absence and presence of aldehyde are
similar to those of Lux_Vh (see Figs. 5, 11, and 12); thus,
Lux_Vc can be classified as a slow light-decay type
luciferase (19).

Our investigations have shown that Lux_Vc and
Lux_Vh differ in their interactions with the flavin
substrate. Lux_Vc binds to both oxidized and reduced
FMN more tightly than does Lux_Vh (1.8 mM versus
11 mM for the binding of FMNH� and 36 mM versus 84 mM
for the binding of FMN). The smaller Kd for
Lux_Vc:FMNH� enables Lux_Vc to be studied in single
turnover experiments with much less enzyme than with
Lux_Vh (see Fig. 8). Although the interactions between
the isoalloxazine ring and residues at the active site of
the two enzymes are likely to be nearly identical based
on the proposed structural interactions (36, 38, 39),
the experimental differences suggest that the full extent
of interactions with the flavin are still unknown.
The smaller Kd for Lux_Vc:FMNH� also suggests that
Lux_Vc is a superior enzyme to try in crystallization
experiments to obtain information about flavin binding.

The results in Fig. 13 show that Lux_Vc and Lux_Vh
are also different in their thermal stability in vitro,
with Lux_Vc significantly more stable than Lux_Vh at
all temperatures tested. Thus, the protein structural
dynamics must be subtly different (76). We suggest that
natural selection has resulted in the 8 amino acid residue
differences in Lux_Vc compared to Lux_Vh in order to
maintain the function of luciferase in the warmer
temperatures of the tropical habitat from which
V. campbellii was isolated. In other luminescent bacteria,
optimum temperature for growth in each strain seems to
be correlated with the thermal stability of the enzyme.
V. harveyi can be grown between 10 and 378C (19) and it
has been shown that Lux_Vh is more thermostable and
suitable for luciferase applications than the enzymes
from V. fischeri or Photobacterium sp. (5). Vibrio fischeri
can be grown between 4 and 258C, P. phosphoreum
between 0 and 258C, and P. leiognathi between 4 and
358C (19). It is also notable that the enzyme from
Photorhabdus luminescens, a bacterium found in human
wounds is more thermostable than Lux_Vh (16).

Our investigations into the transient state kinetics of
the luciferase reaction at 48C and pH 8 highlight some
mechanistic features of both Lux_Vc and Lux_Vh that
have not been documented previously. The luminescence
kinetics at 48C (Figs. 11 and 12) show an initial burst of
light occurring between 0.1 and 3 s that accounts for
only 1–2% of total light emission. We attribute this spike
to a small population of luciferase having faster kinetics
than the majority of the population. At 258C, the kinetics
of the main population of enzyme molecules may be
accelerated more by temperature than that of the minor
species, resulting in a kinetic profile that almost masks
the kinetics of the minor population (Fig. 12). Transient
kinetics studies on Lux_Vh (30–32, 77–78) have been
carried out at 48C or lower, but the reactions were
carried out after the C(4a)-peroxy-FMN intermediate had
already been formed and isolated by gel filtration (30).
Therefore, these studies did not document the kinetic
changes we observe in the spectrum of the C(4a)-peroxy-
FMN (Figs. 6 and 7) and the light-decay of the
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Fig. 13. Thermal stability of Lux_Vc and Lux_Vh. Lux_Vc
or Lux_Vh (90mM) in 50 mM sodium phosphate buffer, pH 7.0
was incubated at 378C (diamonds), 408C (circles), and 458C
(triangles). Activities of the enzymes at the designated time
point were assayed as described in Materials and Methods. The
activities of Lux_Vc are presented in filled symbols and of
Lux_Vh are presented in open symbols.
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minor population. Some transient state kinetic studies
using absorbance (74, 79, 80) were carried out at 258C
and pH 7. It was found that C(4a)-peroxy-FMN formed
with a second-order rate constant of 2.4� 106 M�1 s�1

and decayed to eliminate H2O2 with a rate constant of
0.1 s�1 (74). The rate of the latter reaction is much faster
than that of Lux_Vc at 48C, pH 8 reported here (Fig. 7).
The extra phases in the reaction we reported were also
not documented in the previous work. We suggest that
the three consecutive transient intermediates with
characteristics of C(4a)-peroxy-FMN we detected in the
absence of aldehyde substrate (Fig. 6) are due to
conformational rearrangements in the enzyme that
cause subtle changes to the environment of the flavin.
It will be fascinating to study the potential role of these
changes in the complete chemistry of the light reactions.
It is clear that Lux_Vc has great potential for more
mechanistic studies.

The kinetic and thermodynamic constants for Lux_Vh
in this report are different from some of the values
reported in previous studies. These discrepancies can be
attributed to differences in conditions or in methods
employed. For example, in earlier studies, the affinity of
FMNH� for Lux_Vh was often assumed to be equivalent
to the Km for FMNH�, obtained from light-assay reactions
in which the concentrations of FMNH� were varied and
mixed with luciferase, aldehyde, and oxygen, and the
emitted light was measured (18, 28, 42). The Km for
FMNH� in the wild-type Lux_Vh reaction was reported
to be 0.6–0.7mM at 258C (18, 42). We directly measured
the affinity between FMNH� and Lux_Vh by monitor-
ing the formation of C(4a)-peroxy-FMN, the compound
resulting from the rapid-reaction of oxygen and the
luciferase:FMNH� complex (Fig. 9). A similar method
has previously been used to measure the Kd for binding of
FMNH� to the oxygenase component of p-hydroxypheny-
lacetate hydroxylase (73). With this method, the binding
of FMNH� to the enzyme can be measured without
reference to the other substrate, aldehyde. In this report,
the Kd value for Lux_Vh:FMNH� was 11 mM at 48C. Thus,
as is often the case, Km and Kd values are clearly not at all
equivalent.

In conclusion, our studies of bacterial luciferase from
V. campbellii show that it clearly binds to reduced FMN
more tightly and are more thermostable than the enzyme
from V. harveyi. Lux_Vc opens exciting possibilities for
further structural, functional, and kinetic studies of
luciferase and may be of improved utility in technological
uses of luciferase.
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