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ABSTRACT: Firefly luciferase catalyzes two sequential partial reactions resulting in the emission of light.
The enzyme first catalyzes the adenylation of substrate luciferin with Mg-ATP followed by the multistep
oxidation of the adenylate to form the light emitter oxyluciferin in an electronically excited state. The
beetle luciferases are members of a large superfamily, mainly comprised of nonbioluminescent enzymes
that activate carboxylic acid substrates to form acyl-adenylate intermediates. Recently, the crystal structure
of a member of this adenylate-forming family, acetyl-coenzyme A (CoA) synthetase, was determined in
complex with an unreactive analogue of its acyl-adenylate and CoA [Gulick, A. M., Starai, V. J., Horswill,
A. R., Homick, K. M., and Escalante-Semerena, J. C. (2003)Biochemistry 42, 2866-2873]. This structure
presented a new conformation for this enzyme family, in which a significant rotation of the C-terminal
domain brings residues of a conservedâ-hairpin motif to interact with the active site. We have undertaken
a mutagenesis approach to study the roles of key residues of the equivalentâ-hairpin motif in Photinus
pyralis luciferase (442IleLysTyrLysGlyTyrGlnVal449) in the overall production of light and the individual
adenylation and oxidation partial reactions. Our results strongly suggest that Lys443 is critical for efficient
catalysis of the oxidative half-reaction. Additionally, we provide evidence that Lys443 and Lys529, located
on opposite sides of the C-terminal domain and conserved in all firefly luciferases, are each essential for
only one of the partial reactions of firefly bioluminescence, supporting the proposal that the superfamily
enzymes may adopt two different conformations to catalyze the two half-reactions.

Light emission by the North American fireflyPhotinus
pyralis is a familiar example of bioluminescence, the
conversion of chemical energy into light by a living
organism. Firefly bioluminescence is catalyzed (1-6) by the
enzyme luciferase (Luc).1 The beetle luciferases (3, 7-14),
including Luc, are members of the “acyl-adenylate/thioester-
forming” superfamily of enzymes (15-17) that also includes
a variety of acyl:CoA ligases that activate acetate and fatty
acids of various lengths (18). Other CoA ligases produce
adenylates from hydroxy- and chlorobenzoates, cinnamate,

malonate, and other organic acids (15-17, 19, 20). The
superfamily also contains the acyl-adenylate-forming do-
mains of enzyme complexes involved in the nonribosomal
synthesis of peptides and polyketides (NRPSs) (21-25). All
of these enzymes catalyze two partial reactions (Figure 1).
In the first reaction, an acyl-adenylate intermediate is formed
from a carboxylic acid substrate and ATP. Using this
common chemistry, luciferase produces enzyme-bound LH2-
AMP (eq 1) from substrates luciferin (LH2) and Mg-ATP.
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1 Abbreviations: bAcs, acetyl-CoA synthetase fromSalmonella
enterica; yAcs, acetyl-CoA synthetase from yeast; At4CL2, 4-couma-
rate:coenzyme A ligase fromArabidopsis thaliana; CBA, 50 mM Tris-
HCl at pH 7.0 containing 150 mM NaCl, 1 mM EDTA, 1 mM DTT,
0.8 M ammonium sulfate, and 2% glycerol; CoA, coenzyme A; DHB,
2′,3′-dihydroxybenzoate; DhbE, 2′,3′-dihydroxybenzoate adenylation
domain for bacillibactin synthesis inBacillus subtilis; GST, glutathione-
S-transferase; L, dehydroluciferin; L-AMP, dehydroluciferyl-O-adeno-
sine monophosphate; LH2, D-firefly luciferin; LH2-AMP, D-luciferyl-
O-adenosine monophosphate; Luc,Photinus pyralisluciferase (E.C.
1.13.12.7); NRPS, nonribosomal peptide synthetase; PheA, phenyl-
alanine-activating subunit of gramicidin synthetase 1; Ppy WT,
recombinantPhotinus pyralis luciferase containing the additional
N-terminal peptide GlyProLeuGlySer.

FIGURE 1: Partial reactions of the acyl-adenylate-forming super-
family of enzymes and mechanism of adenylation and oxidation
steps in firefly bioluminescence.

1385Biochemistry2005,44, 1385-1393

10.1021/bi047903f CCC: $30.25 © 2005 American Chemical Society
Published on Web 01/08/2005



Many of the superfamily enzymes generate CoA thioester
intermediates or products from the initially formed adenylates
(Figure 1), while the NRPS domains transfer the acyl
substrate to the thiol group of protein-bound cofactor 4′-
phosphopantetheine (23). In its second partial reaction, the
luciferases differ from other superfamily enzymes in that they
function as monooxygenases in the multistep conversion of
LH2-AMP into oxyluciferin and light (eq 2). In the generally
accepted mechanism (1-6), Luc first catalyzes the addition
of molecular oxygen to a presumed C-4 anionic intermediate
of LH2-AMP likely leading to the formation of a highly
reactive dioxetanone species. Release of carbon dioxide
accompanies the formation of excited-state oxyluciferin, the
light-emitting product. While CoA is not required for
bioluminescence, the cofactor does have a stimulatory effect
on light production (26-28).

Studies of Luc function (29-33) have been advanced with
the availability of the Luc X-ray crystal structure data (34,
35), although the structures do not contain bound substrates.
The Luc crystal structures and those of four nonbiolumi-
nescent superfamily enzymes (36-39) share a unique protein
fold that consists of a large N-terminal domain (residues
1-436 in Luc) linked to a smaller C-terminal domain
(residues 440-550) through a short putative hinge (residues
437-439). The Luc structure represents an open conforma-
tion in which the domains are well-separated (Figure 2). The
closed conformations of DhbE, the 2′,3′-dihydroxybenzoate
adenylation domain ofBacillus subtilis, with bound adenylate
DHB-AMP (37) and the yeast acetyl-CoA synthetase (yAcs)
in a binary complex with AMP (39) are very similar to the
phenylalanine-activating subunit of gramicidin synthetase 1
(PheA) in complex with phenylalanine, Mg ion, and AMP
(36). In PheA, the C-terminal domain is rotated 94° and is
∼5 Å closer to the N-terminal domain than in the Luc
structure (Figure 2). A rotated conformation was seen in the
structure of bacterial acetyl-CoA synthetase (bAcs) com-
plexed with adenosine-5′-propylphosphate, an unreactive
analogue of the acyl-adenylate, and CoA (38). The C-
terminal domain of bAcs is rotated∼140° relative to the
conformation of PheA, DhbE, and yAcs (Figure 2). The
crystallography results prompted Gulick et al. (38) to propose
that the superfamily enzymes may adopt two different
conformations to catalyze the two half-reactions, adenylation
in the PheA closed conformation and thioester formation in

the bAcs rotated form. This sound proposal awaits confirma-
tion by crystallization of the same enzyme in both orienta-
tions.

On the basis of an analysis of sequence alignments of
NRPSs, 10 conserved regions of the superfamily have been
identified (40) including two, A8 and A10, which are on
opposite sides of the C-terminal domains. The crystal
structures of the enzymes in the PheA conformation contain
a stringently conserved lysine (Lys529 in Luc) of A10 at
their active sites. Our prior mutagenesis studies (31) of
Lys529 in Luc suggested that this residue is critical for
effective substrate orientation and that it provides favorable
polar interactions important for transition-state stabilization
leading to efficient adenylate production (eq 1). In contrast,
the residues523SerGlyHisArg526 of the conservedâ-hairpin
motif of A8 in the bAcs structure make interactions with
N-domain residues, the adenylate analogue, and CoA, while
the A10 domain is∼30 Å away (Figure 2). Possibly, the
formation and oxidation of LH2-AMP requires rotation of
the Luc C-terminal domain into conformations similar to
those revealed by the structures of PheA and bAcs. To
address this possibility, we have undertaken a mutagenesis
approach to study the roles of key residues of the Luc
â-hairpin motif (442IleLysTyrLysGlyTyrGlnVal449) in the
overall production of light and the individual adenylation
and oxidation partial reactions.

MATERIALS AND METHODS

Materials. The following items were obtained from the
indicated sources: Mg-ATP (bacterial), CoA sodium salt
(Sigma), LH2 (Biosynth AG), restriction endonucleases (New
England Biolabs), and mutagenic oligonucleotides (Invitro-
gen). Ppy wild type (Ppy WT) and K529A in the pGex-
6p-2 plasmid were prepared as previously reported (29, 31).

General Methods. Light measurements were made in 8×
50 mm polypropylene tubes (Evergreen Scientific, Los
Angeles, CA) placed in the sample compartment of either
an Aminco Chem Glow II or a Turner TD-20e luminometer.
Data were acquired from the analogue output of the lumi-
nometer with a Strawberry Tree Inc. (STI) A/D converter
(with a sampling rate of 0.05-0.1 s) and stored to a
Macintosh computer. Light measurements were quantified
with customized versions of the STI Workbench software.

FIGURE 2: Comparison of the conformations of the Luc, PheA, and bAcs X-ray structures. In each figure, the secondary structures of the
N domain (green), C domain (yellow) and hinge regions (orange) are shown. The stringently conserved Lys residues equivalent to Lys529
in Luc are shown in blue, and basic A8â-hairpin residues similar to Lys443 are indicated in red. The active sites of PheA and bAcs contain
Phe plus AMP and inhibitor adenosine-5′-propylphosphate, respectively. This figure was produced with MolScript (54), BobScript (55),
POVScript+ (56), and Raster3D (57).
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All measurements were corrected for the spectral response
of the Hamamatsu 931B photomultiplier tube.

All luciferases in pGex-6p-2 plasmids were expressed in
Escherichia colistrain BL21 at 22°C and purified by the
method previously reported (41). Mass spectral analyses of
the proteins were performed by tandem HPLC-electrospray
ionization mass spectrometry using either a Perkin-Elmer
Series 200 HPLC system and a Sciex ABI150A mass
spectrometer or a ThermoFinnigan Surveyor HPLC system
and a ThermoFinnigan LCQ Advantage mass spectrometer.
The calculated molecular masses (in Daltons) of the lu-
ciferases are Ppy WT, 61 157; K443A, 61 100; K445Q,
61 157; G446I, 61 213; Q448A, 61 100; K529A, 61 100; and
K443A/K529A, 61 043. The determined mass values were
all within the allowable experimental error of the calculated
values. The mutations of all luciferase genes were verified
by DNA sequencing performed at the W. M. Keck Biotech-
nology Laboratory at Yale University.

Site-Directed Mutagenesis.The Quik Change Site-Directed
Mutagenesis kit (Stratagene) was used to create the mutant
luciferase proteins. Site-directed mutagenesis was carried out
according to the instructions of the manufacturer using Ppy
WT in the pGex-6p-2 vector as a template and the following
primers and their respective reverse complements: K443A,
5′-CGC TTG AAG TCT TTA ATT GCA TAC AAA GGG
TAT CAG GTG GCC-3′; K445Q, 5′-CGC TTG AAG TCT
TTA ATT AAA TAC CAA GGG TAT CAG GTG GCC-
3′; G446I, 5′-CGC TTG AAG TCT TTA ATT AAA TAC
AAA ATC TAT CAG GTG GCC CCC-3′; and Q448A, 5′-G
TCT TTA ATT AAA TAC AAA GGG TAT GCG GTG
GCC CCC GC-3′ (bold represents the mutated codon, and
underline represents silent changes to remove a unique
EcoRV endonuclease site used for screening). The double
mutant K443A/K529A was prepared using K529A in the
pGex-6p-2 vector as a template and the primer set for
K443A.

Steady-State Kinetic Constants. Values ofKm andVmax for
LH2, Mg-ATP, and LH2-AMP for all luciferase enzymes
were determined from bioluminescence activity assays in
which measurements of maximal light intensities were taken,
after correction for differences in rise times compared to
those of Luc (0.5 s with LH2 and Mg-ATP and 0.4 s with
LH2-AMP), as estimates of initial velocities. Data for LH2

and Mg-ATP were collected in 0.525 mL reactions in 25
mM glycylglycine buffer at pH 7.8 containing 0.6-4.6 µg
of luciferase enzyme in CBA. The concentration of one
substrate was maintained at saturation, while the other was
varied: 0.15-760 µM LH2 and 6.4-7800 µM Mg-ATP.
Reactions were initiated by injection of the saturating
substrate. Data for LH2-AMP were obtained in 0.510 mL
reactions in 50 mM glycylglycine buffer at pH 7.8 containing
0.1 mL aliquots of LH2-AMP solution (final concentrations
of 0.025-35 µM) in 10 mM sodium acetate at pH 4.5.
Immediately, light reactions were initiated by injections of
10µL of luciferase enzymes (0.45-3.4µg in CBA). Kinetic
constants were determined using a nonlinear least-squares
method of the Enzyme Kinetics Pro software (SynTex),
which fits data from the Michalis-Menten equation to a
rectangular hyperbola. The correspondingkcat values were
obtained by dividing theVmax values by the final amounts
(in micromoles) of each luciferase in the assay mixtures. The
relative rates of adenylate formation were estimated (error

( 10% of the value) by fluorescence-based assays of L-AMP
formation as described previously (31), except that data were
obtained using a Perkin-Elmer LS55 luminescence spec-
trometer operated in the “time-drive” mode. The value for
Ppy WT determined with this instrument was 12 s-1.

Bioluminescence Emission Spectra. Bioluminescence emis-
sion spectra for the luciferases with LH2 and Mg-ATP at
pH 7.8 were obtained using a Perkin-Elmer LS55 lumines-
cence spectrometer operated in the “bioluminescence” mode.
Data were collected over the wavelength range of 480-680
nm in a 1 mLoptical glass cuvette. Gate and delay times,
detector voltage, scan rate, and slit width were adjusted to
optimize the instrument response. Data were corrected for
the spectral response of the R928 photomultiplier tube using
the Perkin-Elmer FL WinLab software. Bioluminescence
emission spectra (Figure 3) were obtained in 0.525 mL
reactions with 2 mM Mg-ATP and 70µM luciferin in 25
mM glycylglycine buffer at pH 7.8 with final concentrations
of luciferases ranging from 0.16 to 2.6µM. The enzyme
stabilizing storage reagents NaCl, ammonium sulfate, and
glycerol were kept at standard concentrations of 7.2 mM,
38 mM, and 0.1%, respectively.

Effect of CoA on Total Light Yield.Estimates of the ability
of CoA to sustain bioluminescence were made by measuring
the total light emitted by reactions catalyzed by Ppy WT
and the luciferase mutants in the presence or absence of CoA.
The reactions (0.525 mL) were initiated by the injection of
0.12 mL of Mg-ATP (final concentration of 2.2 mM) into
mixtures of enzymes (1.5-4.0 µg) in 25 mM glycylglycine
buffer at pH 7.8 containing 70µM LH2 with or without 0.1
mM CoA. Relative total light emission was estimated by
integration over 5 min as required to collect at least 90% of
the emitted light. All measurements were performed in
duplicate, and the values reported in Table 3 are expressed
as ratios of the total light emitted by each enzyme in the
presence of CoA divided by the value obtained in the absence
of CoA.

Molecular Modeling.A combination of homology/molec-
ular mechanics modeling was used to generate a Luc
structure in the bAcs rotated conformation with bound LH2-
AMP (Figure 4). The amino acid sequence of Luc (PDB code
1BA3) was aligned with bAcs (PDB code 1PG4) using
BLAST (42) and SSpro (43) to improve the alignment by
taking into account secondary-structure predictions. The
initial three-dimensional model of Luc in the bAcs confor-

FIGURE 3: Bioluminescence emission spectra at pH 7.8. Spectra
were recorded with the indicated luciferases as described under the
Materials and Methods.
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mation was built from the resulting sequence alignment using
Prime 1.0 with the OPLS_2000 all-atom force field for
energy scoring, a surface-generalized Born continuum sol-
vation model, and residue-specific side-chain rotamer and
backbone dihedral libraries representing values most com-
monly observed in protein crystal structures. During model
building, the CoA and adenosine-5′-propylphosphate ligands
were kept in the active site and then removed during the
subsequent active-site modeling and conformational search-
ing. LH2-AMP was maintained in the conformation first
determined using our original active-site model (29) and then
introduced into the newly built Luc model by superimposing
the active sites of the two models. The resultant Luc‚LH2-
AMP complex with the C domain rotated into the bAcs
conformation was subjected to a 10 000 step Monte Carlo

torsional- and molecular-position variation method confor-
mational search (44, 45) and a 10 000 step large-scale low-
mode search (46, 47). In the conformational searches, a hot
sphere of 10 Å around LH2-AMP was used and all atoms in
this substructure were minimized without restriction. Two
subsequent shells extending a further 2.00 Å each were
constrained to theirx, y, andzcoordinates by a force constant
of 200.00 kcal/mol Å2 for the first shell and a force constant
of 400.00 kcal/mol Å2 for the second shell. All atoms outside
the “hot” sphere and the two constrained spheres were
ignored. An aqueous generalized Born continuum solvation
model was used in all calculations (48). A total of 184 low-
energy conformations were found within 20 kJ/mol of the
lowest energy conformation. An examination of all of these
low energy conformations found that His245, Thr343, and
Lys443 were the only residues that had side chains within 5
Å of the adenylate carbonyl group.

RESULTS

Rationale for Selection of Residues for Mutagenesis.To
examine the possibility that Luc undergoes a conformational
change to catalyze the oxidative steps of light production,
we used molecular-modeling techniques, described in the
Materials and Methods, to first add LH2-AMP to the putative
active site (29, 33) of the Luc crystal structure (35) and then
to transform it into the bAcs conformation (38). An
examination of the new model (Figures 4 and 5) showed
that the Lucâ-hairpin motif (442IleLysTyrLysGlyTyrGln-
Val449) of region A8 was proximal to the active site and that
Lys443 might make interactions to the adenylate. We targeted
Lys443 along with nearby Lys445, residues in the motif
capable of making both electrostatic and hydrogen-bonding
interactions, for mutagenesis studies. We also focused on
Gly446, an earlier recognized (34) stringently conserved
superfamily residue that interacts with the 4′-phospho-
pantetheinyl group of CoA in the bAcs structure (38).
Additionally, Gln448, the residue in an equivalent sequence
position to Arg526, which in bAcs makes interactions with
the phosphate of the analogue adenylate, the aromatic ring
of CoA, and an N domain absolutely conserved glutamate,
was mutated. In unpublished previous work, we had deter-

FIGURE 4: Crystal structure of Luc with LH2-AMP modeled into
the putative active site and rotated into the bAcs conformation as
described in the Materials and Methods. The orientation of the Luc
N-terminal domain is the same as in Figure 2. The N domain
(green), C domain (yellow), hinge region (orange), Lys529 (blue),
and Lys443 (red) are shown. This figure was produced with
MolScript (54), BobScript (55), POVScript+ (56), and Raster3D
(57).

FIGURE 5: Putative active-site interactions of LH2-AMP in Luc modeled into the bAcs conformation shown in Figure 4. The
stereorepresentation shows LH2-AMP and Lys443 in ball-and-stick models along with His245, Phe250, and Ser347 (unlabeled). Helix 8
(residues 246-258), a coil containing residues 301-321 (unlabeled), residues 340-358 that include motif II (residues 340-344), and
residues 432-436 (unlabeled) extending to the hinge region are shown in green. The hinge (residues 437-439) is in orange, and residues
440-451, which include the A8â hairpin (residues 442-449), are in yellow. This figure was produced with MolScript (54), BobScript
(55), and POVScript+ (56).
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mined that replacement of Tyr444 and Tyr447 with Phe
produced little effect on the overall rate of bioluminescence.

Expression, Purification, and Preliminary Characterization
of the Luciferase Proteins. The Ppy WT and modified
luciferases listed in Table 1 were expressed as glutathione-
S-transferase (GST)-fusion proteins and contained the ad-
ditional N-terminal peptide GlyProLeuGlySer, which re-
mained after PreScission protease cleavage from GST.
Average yields (in milligrams) of purified proteins per 0.5
L of culture were Ppy WT (8.0), K443A (7.4), K445Q (8.6),
G446I (3.2), Q448A (9.0), and K443A/K529A (13.0).
Bioluminescence emission spectra produced by the K445Q,
G446I, and Q448A luciferases at pH 7.8 with the natural
substrates revealed no significant changes in bioluminescence
color compared to Ppy WT (Table 1). The emission spectra
of K443A and K529A, however, showed moderate to
significant broadening, while the double mutant K443A/
K529A produced a very broad somewhat red-shifted spec-
trum (Figure 3). These changes in the emission characteristics
may indicate differences in the ability of the mutants to
maintain the optimal environment of the emitter site.

Steady-State Kinetic Constants. Thekcat values in Table 1
relate the maximum achievable overall reaction rates for the
combined adenylation and oxidation steps (eqs 1 and 2). We
had previously studied (31) the single-site mutant K529A
and a re-examination of its kinetic properties produced
similar results, including the∼700-fold lower overallkcat

compared to Ppy WT (Table 1). A substantial∼2700-fold
lower overall activity was obtained with the K443A enzyme;
while thekcat value of the double mutant K443A/K529A was
reduced more than 1 000 000-fold. Interestingly, the K445Q
mutant had a moderately 1.4-fold higherkcat value.

Eliminating the side-chain group of Lys529 caused
significantly increasedKm values of the K529A luciferase
for both LH2 (15-fold) and Mg-ATP (7.5-fold). In contrast,
K443A had notably decreasedKm values for the natural
substrates (6.5-fold for LH2 and 3.3-fold for Mg-ATP). In
the double mutant K443A/K529A, theKm values for LH2

and Mg-ATP increased 4.5- and 3.5-fold, respectively,
increases less than those observed for K529A. With the
exception of the∼2-fold increase in the Q448AKm for Mg-
ATP, the other single-point mutants had approximately 2
times lowerKm values for both substrates (Table 1).

Effects of Luciferase Mutations on the Luc Adenylation
and Oxidation Partial Reactions.Measurements of the
kinetic properties of Ppy WT and the Luc mutants with
synthetic LH2-AMP as the sole substrate were undertaken
to evaluate the effects of the amino acid changes on the Luc-
catalyzed oxidative chemistry (eq 2) subsequent to and
independent of the rate of adenylate formation (eq 1). With
the synthetic adenylate, the luciferase mutants K443A and
K443A/K529A had significantly reducedkcat values (2300-
and 7400-fold, respectively) and prolonged light emission
profiles (rise and decay times) compared to Ppy WT (Table
2). Extended rise and decay times of the oxidative partial
reaction may indicate reduced rates of both C-4 anion
formation and product inhibition. As previously reported
(31), the K529A mutant behaved similarly to Ppy WT with
the adenylate (Table 2). TheKm value (4.7µM) of Ppy WT
for LH2-AMP was ∼3-fold lower than theKm for LH2.
Similar Km values were obtained for the Luc mutants with
the exception of K443A and K443A/K529A, which had
significantly lowerKm values for the adenylate of 0.38 and
0.55 µM, respectively.

Measurements of the enzyme-catalyzed rates of formation
of the adenylate of synthetic dehydroluciferin (L-AMP) were
used to approximate (31) the rates of formation of LH2-AMP
in Ppy WT and the mutant luciferases. The decrease in
fluorescence at 440 nm (excitation at 350 nm) was recorded
over time for solutions of luciferases, L, and Mg-ATP, and
the data were analyzed as described previously (31). The
estimated rates for the adenylation partial reaction are
presented in Table 3. Near normal rates of adenylate
formation were observed for the K443A, K445Q, G446I, and
Q448A mutants. However, K529A and the double mutant
K443A/K529A exhibited 100-fold slower rates of adenyla-
tion.

Effect of CoA on Total Light Output.The addition of CoA
to a bioluminescence reaction of Ppy WT caused an
approximate doubling of the total light emission (Table 3).
This increase in light output is a result of sustained light
emission associated with a slower decay of bioluminescence
and not an increase in the maximum bioluminescence
intensity (data not shown). A similar result was observed
with Q448A, while an increase of only 34% was observed
with the K445Q luciferase. Notably, G446I and K443A were
completely insensitive to the enhancing effect of CoA.

Table 1: Steady-State Kinetic Constants for Overall
Bioluminescence Reactions of Luciferase Enzymes at pH 7.8

Km (µM)a

enzyme
kcat

(s-1)b LH2 Mg-ATP

bioluminescence
emission

maximum (nm)c

Ppy WT 1.67× 10-1 15.0 160.0 558 (62)
K443A 6.29× 10-5 2.3 48.6 558 (78)
K445Q 2.40× 10-1 8.9 69.0 556 (68)
G446I 2.00× 10-2 6.0 73.0 554 (63)
Q448A 8.75× 10-2 6.0 341.0 557 (70)
K529A 2.50× 10-4 230.0 1200.0 562 (93)
K443A/K529A 1.57× 10-7 67.0 560.0 596 (98)

a The error associated with theKm value is within(10% of the value.
b kcat values were obtained by dividing theVmax values (in units of
Einstein× 10-6 s-1) obtained from the measurements ofKm values
for LH2 by the amounts (in micromoles) of each luciferase used in
each experiment.c Bioluminescence emission spectra were measured
at pH 7.8 as described in the Materials and Methods, and bandwidths
(nm) at 50% of emission maxima are indicated in parentheses.

Table 2: Apparent Kinetic Properties of Luciferase Enzymes with
Synthetic LH2-AMP at pH 7.8

enzyme
kcat

(s-1)a
Km

(µM)
kcat/Km

(mM-1 s-1)

rise
time
(s)

decay
time

(min)b

Ppy WT 2.30× 10-1 4.7 48.9 0.4 0.04
K443A 1.01× 10-4 0.38 0.27 1.9 2.2
K445Q 3.20× 10-1 3.9 82.0 0.4 0.04
G446I 2.10× 10-2 1.5 9.5 1.3 0.23
Q448A 9.50× 10-2 2.2 43.2 0.8 0.10
K529A 1.75× 10-1 12.6 13.9 0.5 0.12
K443A/K529A 3.11× 10-5 0.55 0.057 3.6 3.5

a Kinetic constants were determined with synthetic LH2-AMP as
described in the Materials and Methods. The error associated withKm

andkcat falls within (10% of the value.b Bioluminescence decay times
(to 20% of initial activity) were measured from maximum initial flash
heights.
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DISCUSSION

Mutagenesis EVidence that the Luc Partial Reactions are
Catalyzed by Two Conformations.This investigation was
stimulated by the disclosure of the bAcs crystal structure
and the accompanying proposal by Gulick et al. (38) that
the superfamily of adenylate-forming enzymes catalyze two
partial reactions (Figure 1) by adopting the two different
conformations illustrated by PheA and bAcs (Figure 2).
Evidence cited (38) in support of this hypothesis included
the observation that bAcs, PheA, and DhbE have a very
similar secondary structure with only moderate sequence
homology, yet they catalyze very similar sequential reactions.
These enzymes and yAcs have two highly conserved motifs,
A8 (Asp436-Glu455 in Luc) and A10 (Thr527-Arg533 in
Luc), which are on opposite sides of their C domains,∼30
Å away from each other. In the PheA conformation, Lys517
(Lys529 in Luc) of A10 is at the active site interacting with
substrate Phe and AMP; similar interactions are observed
between the equivalent DhbE residue and its substrates and
adenylate (37). In contrast, in bAcs, the equivalent residue
Lys609 is located∼27 Å from the active-site-bound alkyl-
AMP inhibitor. Mutation of the residue equivalent to Lys609
in a related propionyl-CoA synthetase substantially reduced
the rate of the adenylation partial reaction without reducing
the rate of the second half-reaction (25). In the bAcs
conformation, motif A8 residue Arg526 (Gln448 in Luc)
interacts with a phosphate oxygen of the inhibitor, forming
a salt bridge with Glu417 (Glu344 in Luc). While we were
unable to find an example of conclusive evidence for the
participation of a motif A8â-hairpin residue exclusively in
the second partial reaction, we note the report of Stuible et
al. (20) that point mutations to Lys445 (Lys443 in Luc) and
Lys457 (Lys445 in Luc) in 4-coumarate:CoA ligase At4CL2
reduced the overall rate of production of caffeoyl-CoA by
96-99%. This result is suggestive that the A8â-hairpin motif
is important for efficient CoA displacement of AMP and that

this motif is repositioned by rotation from the PheA
conformation into that of bAcs.

Luc shares remarkable domain and secondary-structural
similarity with the PheA, DhbE, bAcs, and yAcs structures.
Although the open conformation of the Luc crystal structure
(Figure 2) is unlike those of the PheA group or bAcs, we
believe that Luc assumes the PheA conformation in the
presence of substrates and that efficient LH2-AMP formation
requires the A10 motif residue Lys529 as demonstrated
previously (31) and in this work (Tables 1-3). Lys529 has
little effect on the second partial reaction, the oxidation of
the adenylate (Tables 2 and 3). The adenylation half-reactions
catalyzed by the superfamily enzymes very likely all proceed
in the PheA conformation.

The second half-reactions of the superfamily enzymes,
typified by the CoA thiol displacement of AMP, are quite
similar with the apparent exception of the multistep oxidation
of LH2-AMP catalyzed by the luciferases (Figure 1). The
results of our systematic mutagenesis study of the A8
â-hairpin motif of Luc (Tables 2 and 3) provide convincing
evidence that Lys443 is critical for efficient catalysis of only
the oxidative chemistry, while the other motif residues have
little effect on the utilization of LH2-AMP. We have
demonstrated that in Luc, two Lys residues∼30 Å apart on
opposite sides of the C domain and absolutely conserved in
all luciferases are each essential for one and only one of the
partial reactions of firefly bioluminescence. We believe that
these experimental findings are best explained by the domain
rotation hypothesis of Gulick et al. (38) and that Lys529
promotes LH2-AMP formation, while Lys443 promotes its
oxidation in conformations similar to those of PheA and
bAcs, respectively.

Role of the A8â-Hairpin Motif in CoA Binding.In the
bAcs crystal structure (38), CoA is mainly bound to the
surface of the enzyme. The amino NH groups of the
pantetheinyl moiety form a distortedâ-sheet with the main-
chain carbonyl groups of A8 residues Ser523 (Lys445 in Luc)
and Gly524 (Gly446 in Luc) that orients the terminal thiol
toward the C1 carbon of the propyl group of the adenylate
analogue. A similar conformation with acetyl-AMP present
would be expected to promote the second partial reaction
that requires the thiol to attack the carbonyl group of the
acyl-adenylate. This step does not occur in Luc, and CoA is
not required for the oxidative reaction that produces light in
the firefly. However, McElroy and DeLuca had long ago
recognized (49) that the ability of Luc to use CoA to
synthesize L-SCoA from L-AMP was similar to fatty acid
activation by acyl-CoA synthetases (eq 3). The formation
of the potent Luc inhibitor L-AMP that accompaniesin Vitro
bioluminescence very likely accounts for the characteristic
rapid decay of light emission(28, 50). Because it lacks a
C-4 proton, L-AMP cannot be oxidized by Luc. The
sustenance of bioluminescence by addition of CoA can
double the total light output of Ppy WT because the
production of L-SCoA is accompanied by the release of free
Luc (26, 28). Our findings that mutations to Lys443, Lys445,
and Gly446 diminish or abolish the enhancing effect of CoA
on bioluminescence (Table 3) likely result from disruptions
of binding interactions, similar to those observed in the bAcs
structure (38), between the A8â-hairpin motif and the
pantetheinyl group of CoA. Moreover, the poor CoA
enhancement of the K445A enzyme, which is an excellent

Table 3: Estimated Relative Rates of Partial Reactions and CoA
Effect on Total Bioluminescence of Luciferase Enzymes at pH 7.8

enzyme
overall
ratea

adenylation
rateb

oxidative
ratec

effect of
CoA on
overall

light yieldd

Ppy WT 100.0 100.0 100.0 1.9
K443A 0.038 100.0 0.044 1.0
K445Q 143.7 80.0 139.1 1.3
G446I 12.0 91.0 9.3 1.0
Q448A 52.4 98.0 41.3 2.0
K529A 0.150 1.0 76.1 nd
K443A/K529A 9.40× 10-5 1.0 0.014 nd

a Relative overall rates are based on overallkcat values (Table 1)
with substrates LH2 and Mg-ATP.b Relative rates of adenylation are
based onkcat values for enzyme-catalyzed measurements of L-AMP
formation from L and Mg-ATP as described under the Materials and
Methods.c Relative oxidative rates are based onkcat values for reactions
using synthetic LH2-AMP as a substrate (Table 2).d The effect of 0.1
mM CoA on light production was determined for Ppy WT and mutant
luciferase enzymes as described in the Materials and Methods. The
values reflect the effect of CoA on bioluminescence reactions performed
in the presence of 0.1 mM CoA and are expressed relative to values
obtained in identical studies performed with the same enzyme but in
the absence of CoA. Values for K529A and K443A/K529A were not
determined (nd) because of the especially prolonged decay times of
100 and 120 min, respectively.
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light producer, suggests that the reduced overall activity
resulting from mutation of the equivalent residue (Lys457)
of the 4-coumarate:CoA ligase At4CL2 (20) resulted mainly
from disrupted CoA binding affecting only the second partial
reaction.

Gulick et al. have suggested (38) that CoA is required to
adopt the bAcs-rotated conformation. This may be the case
for the CoA-requiring adenylate-forming enzymes; however,
it is also possible that the PheA and bAcs conformations
are both readily populated in solution in the absence of CoA.
The bAcs crystal containing an adenylate analogue that
cannot react further could represent the rotated conformation
trapped by CoA. In this study, we have provided evidence
that mutations of residues in the distant A8 and A10 motifs
both affect the binding of Luc substrates LH2, Mg-ATP, and
LH2-AMP (Tables 1 and 2). These results provide further
support for our contention that Luc (and perhaps the other
superfamily proteins) exists in both the PheA and bAcs
conformations (and possibly others) in solution and that it
catalyzes one half-reaction from each of the two conforma-
tions observed so far.

Role of Lys443 in Luc Catalysis.Using thekcat and Km

data obtained with LH2-AMP as the only added substrate
(Table 2), we examined the effects of the single and double
mutations Lys443Ala and Lys529Ala on transition-state
stabilization of the second half-reaction of Luc catalysis.
Changes in the transition-state stabilization (∆∆G‡) intro-
duced by the single and double mutations were estimated
(data not shown) from thekcat andkcat/Km data for the K443A,
K529A, and K443A/K529A enzymes (51). Analyses of both
the kcat and kcat/Km data using the method described by
Mildvan et al. (52) revealed that the combined effects of
the free energy changes of the single Lys mutations were
additive. While this result may be interpreted in several ways
(52), it is consistent with the notion that Lys443 and Lys529
function independently in consecutive steps, one of which
is rate-determining. The rate-determining step in firefly
bioluminescence (53) is the Luc-assisted abstraction of the
C-4 proton of LH2-AMP (step b of Figure 1). A model for
bioluminescent reactions initiated by the addition of pre-
formed LH2-AMP to Luc that is consistent with the additive
nature of the Lys mutations is that the oxidative partial
reaction (eq 2) involves two consecutive steps: (1) the
formation of the Luc‚LH2-AMP complex aided by Lys529,
followed by (2) the Lys443-dependent generation of a Luc
complex of an intermediate resembling the substrate under-
going proton abstraction (Figure 6). The kinetic data for the
K443A mutant suggest that Lys443 contributes significantly
to catalysis but that it is not the sole essential residue. Among
several possibilities, we favor a role for Lys443 like that
depicted in Figure 6, which is intended to illustrate that the
Lys residue participates in the rate-determining step by
stabilizing the developing negative charge accompanying
proton abstraction. A similar process, illustrated with CoA
in Figure 6, could account for the catalytic role of the
equivalent Lys residue in the 4-coumarate:CoA ligases and
NRPSs. Possibly too, Arg526 in bAcs has a similar role in
assisting thioester formation. Alternatively, the proximity of

the Arg526 (or Lys443 of Luc) side chains could promote
AMP release necessary for thioester (or dioxetanone) forma-
tion (step d of Figure 1). These speculative catalytic roles
of the basic residues of the A8â-hairpin domain suggest a
common catalytic theme for the diverse second partial
reactions of the entire superfamily of acyl-adenylate-forming
enzymes, including the luciferases.
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