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Catalyzed by Different Conformations of the Luciferase C-Terminal Domain
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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. (28083hemistry 422866-2873]. This structure
presented a new conformation for this enzyme family, in which a significant rotation of the C-terminal
domain brings residues of a conseryetairpin motif to interact with the active site. We have undertaken

a mutagenesis approach to study the roles of key residues of the equjfdiaimpin motif in Photinus

pyralis luciferase {*dleLysTyrLysGlyTyrGInVal*9) 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.
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1 Abbreviations: bAcs, acetyl-CoA synthetase fr@@almonella Latlgglsyigffﬁgﬁgrgﬁjslumﬁensﬁggggglsm of adenylation and oxidation

entericg yAcs, acetyl-CoA synthetase from yeast; At4CL2, 4-couma-
rate:coenzyme A ligase frodrabidopsis thalianaCBA, 50 mM Tris- . .
HCl at pH 7.0 containing 150 mM NaCl, 1 mM EDTA, 1 mM DTT, ~ Malonate, and other organic acidk5¢17, 19, 20). The

0.8 M ammonium sulfate, and 2% glycerol; CoA, coenzyme A; DHB, superfamily also contains the acyl-adenylate-forming do-

2, 3-dihydroxybenzoate; DhbE,' 3 -dihydroxybenzoate adenylation  mains of enzvme complexes involved in the nonribosomal
domain for bacillibactin synthesis Bacillus subtilis GST, glutathione- y P

Stransferase; L, dehydroluciferin; L-AMP, dehydrolucife@adeno- synthesis of peptides and ponketide; (NRPS.Q)’Q@-_A”
sine monophosphate; LHp-firefly luciferin; LH>-AMP, p-luciferyl- of these enzymes catalyze two partial reactions (Figure 1).
O-adenosine monophosphate; LiRhotinus pyralisluciferase (E.C. In the first reaction, an acyl-adenylate intermediate is formed

1.13.12.7); NRPS, nonribosomal peptide synthetase; PheA, phenyl-from o carboxylic acid substrate and ATP. Using this
alanine-activating subunit of gramicidin synthetase 1; Ppy WT

recombinantPhotinus pyralisluciferase containing the additional ~ OMMon chemistry, luciferase produces enzyme-boungd LH
N-terminal peptide GlyProLeuGlySer. AMP (eq 1) from substrates luciferin (LiHand Mg-ATP.
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Ficure 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 #8hairpin residues similar to Lys443 are indicated in red. The active sites of PheA and bAcs contain
Phe plus AMP and inhibitor adenosinefropylphosphate, respectively. This figure was produced with MolScs#)t BobScript 65),
POVScriptt (56), and Raster3D5(7).

Many of the superfamily enzymes generate CoA thioester the bAcs rotated form. This sound proposal awaits confirma-
intermediates or products from the initially formed adenylates tion by crystallization of the same enzyme in both orienta-
(Figure 1), while the NRPS domains transfer the acyl tions.

substrate to the thiol group of protein-bound cofactér 4 On the basis of an analysis of sequence alignments of
phosphopantethein€g). In its second partial reaction, the  NRPSs, 10 conserved regions of the superfamily have been
luciferases differ from other superfamily enzymes in that they identified @0) including two, A8 and A10, which are on
function as monooxygenases in the mUltiStep conversion Ofopposite sides of the C-terminal domains. The Crysta|
LH2-AMP into oxyluciferin and light (eq 2). In the generally  structures of the enzymes in the PheA conformation contain
accepted mechanisrti£6), Luc first catalyzes the addition 3 stringently conserved lysine (Lys529 in Luc) of A10 at
of molecular oxygen to a presumed C-4 anionic intermediate their active sites. Our prior mutagenesis studids) (of
of LH>-AMP likely leading to the formation of a highly | ys529 in Luc suggested that this residue is critical for
reactive dioxetanone species. Release of carbon dioxideeffective substrate orientation and that it provides favorable
accompanies the formation of excited-state oxyluciferin, the polar interactions important for transition-state stabilization
light-emitting product. While CoA is not required for |eading to efficient adenylate production (eq 1). In contrast,
bioluminescence, the cofactor does have a stimulatory effectthe residue§23SerGlyHisArg?® of the conserveg-hairpin
on light production 26—28). motif of A8 in the bAcs structure make interactions with
Studies of Luc function29—-33) have been advanced with  N-domain residues, the adenylate analogue, and CoA, while
the availability of the Luc X-ray crystal structure da@d( the A10 domain is~30 A away (Figure 2). Possibly, the
35), although the structures do not contain bound substrates formation and oxidation of LebAMP requires rotation of
The Luc crystal structures and those of four nonbiolumi- the Luc C-terminal domain into conformations similar to
nescent superfamily enzyme6(¢-39) share a unique protein  those revealed by the structures of PheA and bAcs. To
fold that consists of a large N-terminal domain (residues address this possibility, we have undertaken a mutagenesis
1-436 in Luc) linked to a smaller C-terminal domain approach to study the roles of key residues of the Luc
(residues 446550) through a short putative hinge (residues g-hairpin motif ¢4aleLysTyrLysGlyTyrGInVaf49 in the
437-439). The Luc structure represents an open conforma-oyerall production of light and the individual adenylation
tion in which the domains are well-separated (Figure 2). The and oxidation partial reactions.
closed conformations of DhbE, thg2-dihydroxybenzoate
adenylation domain dBacillus subtilis with bound adenylate ~ MATERIALS AND METHODS
DHB-AMP (37) and the yeast acetyl-CoA synthetase (yYAcs)
ina binary Comp|ex with AMPQQ) are very similar to the Materials. The foIIOWing items were obtained from the
phenylalanine-activating subunit of gramicidin synthetase 1 indicated sources: Mg-ATP (bacterial), CoA sodium salt
(PheA) in complex with phenylalanine, Mg ion, and AMP  (Sigma), LH (Biosynth AG), restriction endonucleases (New
(36). In PheA, the C-terminal domain is rotated°%hd is England Biolabs), and mutagenic oligonucleotides (Invitro-
~5 A closer to the N-terminal domain than in the Luc 9en). Ppy wild type (Ppy WT) and K529A in the pGex-
structure (Figure 2). A rotated conformation was seen in the 6p-2 plasmid were prepared as previously reporgi31).
structure of bacterial acetyl-CoA synthetase (bAcs) com- General Methodslight measurements were made irx8
plexed with adenosine“propylphosphate, an unreactive 50 mm polypropylene tubes (Evergreen Scientific, Los
analogue of the acyl-adenylate, and Co38)( The C- Angeles, CA) placed in the sample compartment of either
terminal domain of bAcs is rotated 140 relative to the an Aminco Chem Glow Il or a Turner TD-20e luminometer.
conformation of PheA, DhbE, and yAcs (Figure 2). The Data were acquired from the analogue output of the lumi-
crystallography results prompted Gulick et &8)to propose nometer with a Strawberry Tree Inc. (STI) A/D converter
that the superfamily enzymes may adopt two different (with a sampling rate of 0.050.1 s) and stored to a
conformations to catalyze the two half-reactions, adenylation Macintosh computer. Light measurements were quantified
in the PheA closed conformation and thioester formation in with customized versions of the STI Workbench software.
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All measurements were corrected for the spectral response K529
of the Hamamatsu 931B photomultiplier tube. 1991 et
All luciferases in pGex-6p-2 plasmids were expressed in

Escherichia colistrain BL21 at 22°C and purified by the
method previously reported{). Mass spectral analyses of
the proteins were performed by tandem HPt&lectrospray
ionization mass spectrometry using either a Perlgimer
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- e =
ciferases are Ppy WT, 61 157; K443A, 61 100; K445Q, 480 520 560 600 640 680
61 157; G446l, 61 213; Q448A, 61 100; K529A, 61 100; and Wavelength (nm)
K443A/K529A, 61 043. The determined mass values Were g re 3: Bioluminescence emission spectra at pH 7.8. Spectra
all within the allowable experimental error of the calculated were recorded with the indicated luciferases as described under the
values. The mutations of all luciferase genes were verified Materials and Methods.
by DNA sequencing performed at the W. M. Keck Biotech-
nology Laboratory at Yale University. + 10% of the value) by fluorescence-based assays of L-AMP
Site-Directed Mutagenesi§he Quik Change Site-Directed ~ formation as described previoustyl), except that data were
Mutagenesis kit (Stratagene) was used to create the mutan@btained using a PerkirElmer LS55 luminescence spec-
luciferase proteins. Site-directed mutagenesis was carried outrometer operated in the “time-drive” mode. The value for
according to the instructions of the manufacturer using Ppy Ppy WT determined with this instrument was 12.s
WT in the pGex-6p-2 vector as a template and the following ~ Bioluminescence Emission Spec@oluminescence emis-
primers and their respective reverse complements: K443A,sion spectra for the luciferases with Lidnd Mg-ATP at
5-CGC TTG AAG TCT TTA ATT GCA TAC AAA GGG pH 7.8 were obtained using a Perkiglmer LS55 lumines-
TAT CAG GTG GCC-3; K445Q, 3-CGC TTG AAG TCT cence spectrometer operated in the “bioluminescence” mode.
TTA ATT AAA TAC CAA GGG TAT CAG GTG GCC- Data were collected over the wavelength range of-4&80
3': G446, 3-CGC TTG AAG TCT TTA ATT AAA TAC nm in a 1 mLoptical glass cuvette. Gate and delay times,
AAA ATC TAT CAG GTG GCC CCC-3 and Q448A, 5G detector voltage, scan rate, and slit width were adjusted to
TCT TTA ATT AAA TAC AAA GGG TAT GCG GTG optimize the instrument response. Data were corrected for
GCC CCC GC-3(bold represents the mutated codon, and the spectral response of the R928 photomultiplier tube using
underline represents silent changes to remove a uniquethe Perkin-Elmer FL WinLab software. Bioluminescence
EcoRV endonuclease site used for screening). The doubleemission spectra (Figure 3) were obtained in 0.525 mL
mutant K443A/K529A was prepared using K529A in the reactions with 2 mM Mg-ATP and 7@M luciferin in 25
pGex-6p-2 vector as a template and the primer set for mM glycylglycine buffer at pH 7.8 with final concentrations
K443A. of luciferases ranging from 0.16 to 2:6M. The enzyme
Steady-State Kinetic Constant&alues ofK, andVmax for stabilizing storage reagents NaCl, ammonium sulfate, and
LH,, Mg-ATP, and LH-AMP for all luciferase enzymes  glycerol were kept at standard concentrations of 7.2 mM,
were determined from bioluminescence activity assays in 38 mM, and 0.1%, respectively.
which measurements of maximal light intensities were taken, Effect of CoA on Total Light YieldEstimates of the ability
after correction for differences in rise times compared to of CoA to sustain bioluminescence were made by measuring
those of Luc (0.5 s with Lkland Mg-ATP and 0.4 s with  the total light emitted by reactions catalyzed by Ppy WT
LH>-AMP), as estimates of initial velocities. Data for kH  and the luciferase mutants in the presence or absence of CoA.
and Mg-ATP were collected in 0.525 mL reactions in 25 The reactions (0.525 mL) were initiated by the injection of
mM glycylglycine buffer at pH 7.8 containing 0-6}.6 ug 0.12 mL of Mg-ATP (final concentration of 2.2 mM) into
of luciferase enzyme in CBA. The concentration of one mixtures of enzymes (1-54.0ug) in 25 mM glycylglycine
substrate was maintained at saturation, while the other wasbuffer at pH 7.8 containing 70M LH with or without 0.1
varied: 0.15-760 uM LH, and 6.4-7800 uM Mg-ATP. mM CoA. Relative total light emission was estimated by
Reactions were initiated by injection of the saturating integration over 5 min as required to collect at least 90% of
substrate. Data for LJAMP were obtained in 0.510 mL  the emitted light. All measurements were performed in
reactions in 50 mM glycylglycine buffer at pH 7.8 containing duplicate, and the values reported in Table 3 are expressed
0.1 mL aliquots of LH-AMP solution (final concentrations  as ratios of the total light emitted by each enzyme in the
of 0.025-35 uM) in 10 mM sodium acetate at pH 4.5. presence of CoA divided by the value obtained in the absence
Immediately, light reactions were initiated by injections of of CoA.
10uL of luciferase enzymes (0.433.4 g in CBA). Kinetic Molecular Modeling A combination of homology/molec-
constants were determined using a nonlinear least-squaresilar mechanics modeling was used to generate a Luc
method of the Enzyme Kinetics Pro software (SynTex), structure in the bAcs rotated conformation with bound,LH
which fits data from the MichalisMenten equation to a  AMP (Figure 4). The amino acid sequence of Luc (PDB code
rectangular hyperbola. The correspondlag values were 1BA3) was aligned with bAcs (PDB code 1PG4) using
obtained by dividing thé/ax values by the final amounts  BLAST (42) and SSpro43) to improve the alignment by
(in micromoles) of each luciferase in the assay mixtures. The taking into account secondary-structure predictions. The
relative rates of adenylate formation were estimated (error initial three-dimensional model of Luc in the bAcs confor-
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torsional- and molecular-position variation method confor-
mational search4{@, 45) and a 10 000 step large-scale low-
mode searchd, 47). In the conformational searches, a hot
sphere of 10 A around LIHAMP was used and all atoms in
this substructure were minimized without restriction. Two
subsequent shells extending a further 2.00 A each were
constrained to thek, y, andz coordinates by a force constant
of 200.00 kcal/mol A for the first shell and a force constant
of 400.00 kcal/mol A 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 calculatior48). 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
A of the adenylate carbonyl group.

RESULTS
Ficure 4: Crystal structure of Luc with LHAMP modeled into . . . .
the putative active site and rotated into the bAcs conformation as Rationale for Selection of Residues for Mutagenebs.

described in the Materials and Methods. The orientation of the Luc €xamine the possibility that Luc undergoes a conformational
N-terminal domain is the same as in Figure 2. The N domain change to catalyze the oxidative steps of light production,
ggnrge[]3)/§24%0r(r:gijr; (gfgoggbwsgﬁ_ L?Sgl%g S?efacv%i),;)ésdiige((jb|\lllvﬁ)ﬁ we used molecular-modeling techniques, described in the

: . : . Materials and Methods, to first add LIAMP to the putative
?g%l.SCFIpt (54), BobScript 65), POVScript: (56), and RastersD active site 29, 33) of the Luc crystal structure3f) and then

to transform it into the bAcs conformation3g). An

mation was built from the resulting sequence alignment using examination of the new model (Figures 4 and 5) showed
Prime 1.0 with the OPLS_2000 all-atom force field for that the Lucg-hairpin motif ¢4aleLysTyrLysGlyTyrGIn-
energy scoring, a surface-generalized Born continuum sol-Val**9 of region A8 was proximal to the active site and that
vation model, and residue-specific side-chain rotamer and Lys443 might make interactions to the adenylate. We targeted
backbone dihedral libraries representing values most com-Lys443 along with nearby Lys445, residues in the motif
monly observed in protein crystal structures. During model capable of making both electrostatic and hydrogen-bonding
building, the CoA and adenosinefaropylphosphate ligands  interactions, for mutagenesis studies. We also focused on
were kept in the active site and then removed during the Gly446, an earlier recognizedB4) stringently conserved
subsequent active-site modeling and conformational search-superfamily residue that interacts with thé-phospho-
ing. LH-AMP was maintained in the conformation first pantetheinyl group of CoA in the bAcs structurad8).
determined using our original active-site modz9)(and then Additionally, GIn448, the residue in an equivalent sequence
introduced into the newly built Luc model by superimposing position to Arg526, which in bAcs makes interactions with
the active sites of the two models. The resultant-Lit- the phosphate of the analogue adenylate, the aromatic ring
AMP complex with the C domain rotated into the bAcs of CoA, and an N domain absolutely conserved glutamate,
conformation was subjected to a 10 000 step Monte Carlo was mutated. In unpublished previous work, we had deter-

Phe250

Ficure 5: Putative active-site interactions of L#AMP in Luc modeled into the bAcs conformation shown in Figure 4. The
stereorepresentation shows -AMP and Lys443 in ball-and-stick models along with His245, Phe250, and Ser347 (unlabeled). Helix 8
(residues 246258), a coil containing residues 30321 (unlabeled), residues 34858 that include motif Il (residues 34(B44), and
residues 432436 (unlabeled) extending to the hinge region are shown in green. The hinge (residu&84Bi& in orange, and residues
440-451, which include the A@ hairpin (residues 442449), are in yellow. This figure was produced with MolScrip8), BobScript

(55), and POVScript (56).
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Table 1: Steady-State Kinetic Constants for Overall
Bioluminescence Reactions of Luciferase Enzymes at pH 7.8

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

A bioluminescence rise decay
Keat Kin M) emission Keat Kn  kelKm time time
enzyme (s7hp LH, Mg-ATP  maximum (nm)j enzyme (s1)? @M) (MmM~tsh  (s) (min)
Ppy WT 1.67x 10t 15.0 160.0 558 (62) Ppy WT 2.30x 101 4.7 48.9 0.4 0.04
K443A 6.29x 10 2.3 48.6 558 (78) K443A 1.01x 104 0.38 0.27 1.9 2.2
K445Q 2.40x 10t 8.9 69.0 556 (68) K445Q 3.20x 10* 3.9 82.0 0.4 0.04
G446l 2.00x 1072 6.0 73.0 554 (63) G446l 2.10x 102 15 9.5 1.3 0.23
Q448A 8.75x 1072 6.0 341.0 557 (70) Q448A 9.50x 102 2.2 43.2 0.8 0.10
K529A 2.50x 104 230.0 1200.0 562 (93) K529A 1.75x 101 12.6 13.9 0.5 0.12
K443A/K529A 1.57x 107 67.0 560.0 596 (98) K443A/K529A 3.11x 105 0.55 0.057 3.6 3.5

aThe error associated with th&, value is within-£10% of the value.
b k.o values were obtained by dividing thén.x values (in units of
Einstein x 1076 s71) obtained from the measurements K, values

aKinetic constants were determined with synthetic tAMP as
described in the Materials and Methods. The error associated<ith
andk., falls within +210% of the value® Bioluminescence decay times

for LH, by the amounts (in micromoles) of each luciferase used in (to 20% of initial activity) were measured from maximum initial flash
each experiment.Bioluminescence emission spectra were measured heights.

at pH 7.8 as described in the Materials and Methods, and bandwidths

(nm) at 50% of emission maxima are indicated in parentheses.

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 ProteinsThe Ppy WT and modified

Effects of Luciferase Mutations on the Luc Adenylation
and Oxidation Partial ReactionsMeasurements of the
kinetic properties of Ppy WT and the Luc mutants with
synthetic LH-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

luciferases listed in Table 1 were expressed as qutathione—mdependent of the rate of adenylate formation (eq 1). With

Stransferase (GST)-fusion proteins and contained the ad-

ditional N-terminal peptide GlyProLeuGlySer, which re-

mained after PreScission protease cleavage from GST.

Average vyields (in milligrams) of purified proteins per 0.5
L of culture were Ppy WT (8.0), K443A (7.4), K445Q (8.6),
G4461 (3.2), Q448A (9.0), and K443A/K529A (13.0).

Bioluminescence emission spectra produced by the K445Q,
G4461, and Q448A luciferases at pH 7.8 with the natural
substrates revealed no significant changes in bioluminescenc
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 characteristic
may indicate differences in the ability of the mutants to

maintain the optimal environment of the emitter site.
Steady-State Kinetic Constant$hek,values in Table 1

relate the maximum achievable overall reaction rates for the
combined adenylation and oxidation steps (egs 1 and 2). W

had previously studied3() the single-site mutant K529A

the synthetic adenylate, the luciferase mutants K443A and
K443A/K529A had significantly reducekl, 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
he adenylate (Table 2). TH&, value (4.7uM) of Ppy WT

for LH-AMP was ~3-fold lower than theK,, for LH..
Similar K, values were obtained for the Luc mutants with
the exception of K443A and K443A/K529A, which had
significantly lowerK, values for the adenylate of 0.38 and

%.SSﬂM, respectively.

Measurements of the enzyme-catalyzed rates of formation
of the adenylate of synthetic dehydroluciferin (L-AMP) were
used to approximate3() the rates of formation of LHAMP

ein Ppy WT and the mutant luciferases. The decrease in

fluorescence at 440 nm (excitation at 350 nm) was recorded

and a re-examination of its kinetic properties produced OVer time for solutions of luciferases, L, and Mg-ATP, and

similar results, including the-700-fold lower overallkcas
compared to Ppy WT (Table 1). A substantia?700-fold
lower overall activity was obtained with the K443A enzyme;
while thekg, value of the double mutant K443A/K529A was

the data were analyzed as described previou3l). (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, G446, and

reduced more than 1 000 000-fold. Interestingly, the K445Q Q448A mutants. However, K529A and the double mutant

mutant had a moderately 1.4-fold higheg: value.

Eliminating the side-chain group of Lys529 cause
significantly increased,, values of the K529A luciferase
for both LH, (15-fold) and Mg-ATP (7.5-fold). In contrast,
K443A had notably decreasdd,, values for the natural
substrates (6.5-fold for LiHand 3.3-fold for Mg-ATP). In
the double mutant K443A/K529A, th,, values for LH

K443A/K529A exhibited 100-fold slower rates of adenyla-

d tion.

Effect of CoA on Total Light Outputhe 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 Mg-ATP increased 4.5- and 3.5-fold, respectively, and not an increase in the maximum bioluminescence
increases less than those observed for K529A. With the intensity (data not shown). A similar result was observed
exception of the~2-fold increase in the Q448K,, for Mg- with Q448A, while an increase of only 34% was observed
ATP, the other single-point mutants had approximately 2 with the K445Q luciferase. Notably, G446| and K443A were

times lowerK, values for both substrates (Table 1). completely insensitive to the enhancing effect of CoA.
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Table 3: Estimated Relative Rates of Partial Reactions and CoA
Effect on Total Bioluminescence of Luciferase Enzymes at pH 7.8

effect of
CoAon
overall adenylation oxidative  overall
enzyme ratet rate® rat¢  light yield
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
G4461 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  9.40x 10°° 1.0 0.014 nd

2 Relative overall rates are based on ovekall values (Table 1)
with substrates Lhland Mg-ATP.P Relative rates of adenylation are
based orkca 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 basedigqvalues for reactions
using synthetic LFAMP as a substrate (Table Z)The effect of 0.1
mM CoA on light production was determined for Ppy WT and mutant

Branchini et al.

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 efficientl&MP formation
requires the A10 motif residue Lys529 as demonstrated
previously @1) and in this work (Tables-13). 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 LH,-AMP catalyzed by the luciferases (Figure 1). The

luciferase enzymes as described in the Materials and Methods. Theresults of our systematic mutagenesis study of the A8

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

B-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

determined (nd) because of the especially prolonged decay times oflittle effect on the utilization of LH-AMP. We have

100 and 120 min, respectively.

DISCUSSION

Mutagenesis Edence that the Luc Partial Reactions are
Catalyzed by Two Conformation$his investigation was

demonstrated that in Luc, two Lys residue80 A 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 al38) and that Lys529

stimulated by the disclosure of the bAcs crystal structure promotes LH-AMP formation, while Lys443 promotes its

and the accompanying proposal by Gulick et &B)(that

oxidation in conformations similar to those of PheA and

the superfamily of adenylate-forming enzymes catalyze two bAcs, respectively.

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

Role of the A83-Hairpin Motif in CoA Binding.In the
bAcs crystal structure3g), CoA is mainly bound to the
surface of the enzyme. The amino NH groups of the

the observation that bAcs, PheA, and DhbE have a very pantetheinyl moiety form a distortgtisheet with the main-

similar secondary structure with only moderate sequence chain carbonyl groups of A8 residues Ser523 (Lys445 in Luc)
homology, yet they catalyze very similar sequential reactions. and Gly524 (Gly446 in Luc) that orients the terminal thiol
These enzymes and yAcs have two highly conserved motifs,toward the C1 carbon of the propyl group of the adenylate
A8 (Asp436-Glu455 in Luc) and A10 (Thr527-Arg533 in  analogue. A similar conformation with acetyl-AMP present
Luc), which are on opposite sides of their C domair80 would be expected to promote the second partial reaction
A away from each other. In the PheA conformation, Lys517 that requires the thiol to attack the carbonyl group of the
(Lys529 in Luc) of A10 is at the active site interacting with acyl-adenylate. This step does not occur in Luc, and CoA is
substrate Phe and AMP; similar interactions are observednot required for the oxidative reaction that produces light in
between the equivalent DhbE residue and its substrates andhe firefly. However, McElroy and DelLuca had long ago
adenylate 7). In contrast, in bAcs, the equivalent residue recognized 49) that the ability of Luc to use CoA to
Lys609 is located~27 A from the active-site-bound alkyl-  synthesize L-SCoA from L-AMP was similar to fatty acid
AMP inhibitor. Mutation of the residue equivalent to Lys609 activation by acyl-CoA synthetases (eq 3). The formation
in a related propionyl-CoA synthetase substantially reduced of the potent Luc inhibitor L-AMP that accompani@svitro

the rate of the adenylation partial reaction without reducing bioluminescence very likely accounts for the characteristic
the rate of the second half-reactio@5). In the bAcs rapid decay of light emissio(28, 50). Because it lacks a
conformation, motif A8 residue Arg526 (GIn448 in Luc) C-4 proton, L-AMP cannot be oxidized by Luc. The
interacts with a phosphate oxygen of the inhibitor, forming sustenance of bioluminescence by addition of CoA can
a salt bridge with Glu417 (Glu344 in Luc). While we were double the total light output of Ppy WT because the
unable to find an example of conclusive evidence for the production of L-SCoA is accompanied by the release of free

participation of a motif Ag3-hairpin residue exclusively in

Luc (26, 28). Our findings that mutations to Lys443, Lys445,

the second partial reaction, we note the report of Stuible etand Gly446 diminish or abolish the enhancing effect of CoA

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 A®airpin motif

is important for efficient CoA displacement of AMP and that

on bioluminescence (Table 3) likely result from disruptions
of binding interactions, similar to those observed in the bAcs
structure 88), between the A86-hairpin motif and the
pantetheinyl group of CoA. Moreover, the poor CoA
enhancement of the K445A enzyme, which is an excellent
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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 At4CL20Q) resulted mainly
from disrupted CoA binding affecting only the second partial
reaction.

Luc-L-AMP =222

Luc + L-SCoA+ AMP (3)

MgZ+

Luc+ L + ATP

Gulick et al. have suggestedg) 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 4,#g-ATP, and
LH,-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 Catalysitlsing thek.; and Ky,
data obtained with LHAMP 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 stabilizatiddAG*) intro-
duced by the single and double mutations were estimated
(data not shown) from thie ;s andk../Kn data for the K443A,
K529A, and K443A/K529A enzyme$ ). Analyses of both
the kear and keofKy, data using the method described by
Mildvan et al. 62) 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
bioluminescence5Qd) is the Luc-assisted abstraction of the
C-4 proton of LH-AMP (step b of Figure 1). A model for
bioluminescent reactions initiated by the addition of pre-
formed LH-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 LueLH,-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
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FiGure 6: Hypothetical stabilization of the developing negative
charge in the second half-reactions catalyzed by the firefly
luciferases and 4-coumarate:CoA ligases.
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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 A8hairpin domain suggest a
common catalytic theme for the diverse second partial
reactions of the entire superfamily of acyl-adenylate-forming
enzymes, including the luciferases.

ACKNOWLEDGMENT

We thank Susan Gonzalez, Sarah Fleet, and Evelyn
Bamford for technical assistance.

REFERENCES

1. White, E. H., Rapaport, E., Seliger, H. H., and Hopkins, T. A.
(1971) The chemi- and bioluminescence of firefly luciferin: An
efficient chemical production of electronically excited states,

Bioorg. Chem. 192—-122.
2. Deluca, M. (1976) Firefly luciferasé\dv. Enzymol. 4437—68.

. Wood, K. V. (1995) The chemical mechanism and evolutionary
development of beetle bioluminescen&hotochem. Photobiol.
62, 662-673.

Hastings, J. W. (1995) BioluminescenceCiell Physiology Source
Book (Sperelakis, N., Ed.) pp 66581, Academic Press, New
York.

5. Koo, J.-Y., Schmidt, S. P., and Schuster, G. B. (1978) Biolumi-
nescence of the firefly: Key steps in the formation of the
electronically excited state for model systerRspc. Natl. Acad.
Sci. U.S.A. 7530-33.

6. Seliger, H. H., and McElroy, W. D. (1960) Spectral emission and
quantum yield of firefly bioluminescencArch. Biochem. Biophys.
88, 136-141.

.Wood, K. V., Lam, Y. A, Seliger, H. H., and McElroy, W. D.
(1989) Complementary DNA coding click beetle luciferases can
elicit bioluminescence of different color§cience 244700—
702.

. Ohmiya, Y., Ohba, N., Toh, H., and Tsuji, F. I. (1995) Cloning,
expression, and sequence analysis of cDNA for the luciferases
from the Japanese fireflieRyrocoelia miyakoand Hotaria
parvula, Photochem. Photobiol. 6309-313.

. Gruber, M. K., Kutuzova, G. D., and Wood, K. V. (1996) Cloning
and expression of Bhengodetuciferase, iBioluminescence and
Chemiluminescence: Molecular Reporting with Phot¢iHast-
ings, J. W, Kricka, L. J., and Stanley, P. E., Eds.) pp-2247,
John Wiley and Sons, Chichester, U.K.

4.



1392 Biochemistry, Vol. 44, No. 5, 2005

10.

11.

12.

13.

14.

15.

16.

17.

18.
19.

20.

21.
22.

23.

24.

25.

26.

27.

28.

29.

Ye, L., Buck, L. M., Schaeffer, H. J., and Leach, F. R. (1997)
Cloning and sequencing of a cDNA for firefly luciferase
from Photuris pennsylanica, Biochim. Biophys. Acta 13339~

52.

Viviani, V. R., Bechara, E. J. H., and Ohmiya, Y. (1999) Cloning,
sequence analysis, and expression of adBkigxothrix railroad
worms luciferases: Relationship between bioluminescence spectra
and primary structureBiochemistry 388271-8279.

Viviani, V. R., Silva, A. C. R,, Perez, G. L. O., Santelli, R. V.,
Bechara, E. J. H., and Reinach, F. C. (1999) Cloning and molecular
characterization of the cDNA for the Brazilian larval click-beetle
Pyrearinus termitilluminansuciferase Photochem. Photobiol. 70
254-260.

Lee, K. S., Park, H. J., Bae, J. S., Goo, T. W., Kim, I., Sohn, H.
D., and Jin, B. R. (2001) Molecular cloning and expression of a
cDNA encoding the luciferase from the fireflipyrocoelia rufa

J. Biotechnol. 929—19.

Choi, Y. S,, Lee, K. S., Bae, J. S,, Lee, K. M., Kim, S. R., Kim,
l., Lee, S. M., Sohn, H. D., and Jin, B. R. (2002) Molecular cloning
and expression of a cDNA encoding the luciferase from the firefly,
Hotaria unmunsanaComp. Biochem. Physiol., Part B: Biochem.
Mol. Biol. 132 661—-670.

Suzuki, H., Kawarabayasi, Y., Kondo, J., Abe, T., Nishikawa, K.,
Kimura, S., Hashimoto, T., and Yamamoto, T. (1990) Structure
and regulation of rat long-chain acyl-CoA syntheta3eBiol.
Chem. 2658681-8685.

Babbitt, P. C., Kenyon, G. L., Martin, B. M., Charest, H., Sylvestre,
M., Scholten, J. D., Chang, K.-H., Liang, P.-H., and Dunaway-
Mariano, D. (1992) Ancestry of the 4-chlorobenzoate dehaloge-
nase: Analysis of amino acid sequence identities among families
of acyl:adenyl ligases, enoyl-CoA hydratases/isomerases, and acyl-
CoA thioesterase®Biochemistry 315594-5604.

Chang, K.-H., Xiang, H., and Dunaway-Mariano, D. (1997) Acyl-
adenylate motif of the acyl-adenylate/thioester-forming enzyme
superfamily: A site-directed mutagenesis study withRseudomo-
nassp. strain CBS3 4-chlorobenzoate:CoA ligaB&chemistry

36, 15650-15659.

Watkins, P. A. (1997) Fatty acid oxidatidRrog. Lipid Res. 36
55—-83.

An,J.H., Lee, G. Y., Jung, J. W., Lee, W., and Kim, Y. S. (1999)
Identification of residues essential for a two-step reaction by
malonyl-CoA synthetase frofRhizobium trifolii Biochem. J. 344
159-166.

Stuible, H. P., Buttner, D., Ehlting, J., Hahlbrock, K., and
Kombrink, E. (2000) Mutational analysis of 4-coumarate:CoA
ligase identifies functionally important amino acids and verifies
its close relationship to other adenylate-forming enzyrf&BS
Lett. 467 117-122.

Kleinkauf, H., and von Doehren, H. (1996) A nonribosomal system
of peptide biosynthesigur. J. Biochem. 236335-351.
Dieckmann, R., Pavela-Vrancic, M., Pfeifer, E., vorhban, H.,

and Kleinkauf, H. (1997) The adenylation domain of tyrocidine
synthetase 1. Structural and functional role of the interdomain
linker region and the (S/T)GT(T/S)GXPKG core sequertogr,

J. Biochem. 2471074-1082.

Marahiel, M. A., Stachelhaus, T., and Mootz, H. D. (1997)
Modular peptide synthetases involved in nonribosomal peptide
synthesisChem. Re. 97, 2651-2673.

Keating, T. A., and Walsh, C. T. (1999) Initiation, elongation,
and termination strategies in polyketide and polypeptide antibiotic
biosynthesisCurr. Opin. Chem. Biol. 3598-606.

Horswill, A. R., and Escalante-Semerena, J. C. (2002) Charac-
terization of the propionyl-CoA synthetase (PrpE) enzyme of
Salmonella entericaResidue Lys592 is required for propionyl-
AMP synthesisBiochemistry 412379-2387.

Airth, R. L., Rhodes, W. C., and McElroy, W. D. (1958) The
function of coenzyme A in luminescendgiochim. Biophys. Acta
27, 519-532.

Pazzagli, M., Devine, J. H., Peterson, D. O., and Baldwin, T. O.
(1992) Use of bacterial and firefly luciferases as reporter genes
in DEAE-dextran-mediated transfection of mammalian célisl.
Biochem. 204315-323.

Fraga, H., Esteves da Silva, J. C. G., and Fontes, R. (2004)
Chemical synthesis and firefly luciferase produced dehydro-
luciferyl-coenzyme ATetrahedron Lett. 452117-2120.

Branchini, B. R., Magyar, R. A., Murtiashaw, M. H., Anderson,
S. M., and Zimmer, M. (1998) Site-directed mutagenesis of
histidine 245 in firefly luciferase: A proposed model of the active
site, Biochemistry 371531+15319.

30.

31.

32.

33.

34.

35.

36.

37.

N

44,

N

46.

47.

48.

49.

2.

5.

Branchini et al.

Branchini, B. R., Magyar, R. A., Murtiashaw, M. H., Anderson,
S. M., Helgerson, L. C., and Zimmer, M. (1999) Site-directed
mutagenesis of firefly luciferase active site amino acids: A
proposed model for bioluminescence col&iochemistry 38
13223-13230.

Branchini, B. R., Murtiashaw, M. H., Magyar, R. A., and
Anderson, S. M. (2000) The role of lysine 529, a conserved residue
of the acyl-adenylate-forming enzyme superfamily, in firefly
luciferase,Biochemistry 395433-5440.

Branchini, B. R., Magyar, R. A., Murtiashaw, M. H., and Portier,
N. C. (2001) The role of active site residue arginine 218 in firefly
luciferase bioluminescencBjochemistry 402410-2418.
Branchini, B. R., Southworth, T. L., Murtiashaw, M. H., Boije,
H., and Fleet, S. E. (2003) A mutagenesis study of the putative
luciferin binding site residues of firefly luciferasBjochemistry

42, 10429-10436.

Conti, E., Franks, N. P., and Brick, P. (1996) Crystal structure of
firefly luciferase throws light on a superfamily of adenylate-
forming enzymessStructure 4 287—298.

Franks, N. P., Jenkins, A., Conti, E., Lieb, W. R., and Brick, P.
(1998) Structural basis for the inhibition of firefly luciferase by a
general anestheti®iophys. J. 752205-2211.

Conti, E., Stachelhaus, T., Marahiel, M. A., and Brick, P. (1997)
Structural basis for the activation of phenylalanine in the non-
ribosomal biosynthesis of gramicidin EMBO J. 16 4174
4183.

May, J. J., Kessler, N., Marahiel, M. A., and Stubbs, M. T. (2002)
Crystal structure of DhbE, an archetype for aryl acid activating
domains of modular nonribosomal peptide synthetdes,. Natl.
Acad. Sci. U.S.A. 9912120-12125.

. Gulick, A. M., Starai, V. J., Horswill, A. R., Homick, K. M., and

Escalante-Semerena, J. C. (2003) The 1.75 A crystal structure of
acetyl-CoA synthetase bound to adenosihprbpylphosphate and
coenzyme ABiochemistry 422866-2873.

.Jogl, G., and Tong, L. (2004) Crystal structure of yeast acetyl-

coenzyme A synthetase in complex with AMBipchemistry 43
1425-1431.

. Stachelhaus, T., Mootz, H. D., and Marahiel, M. A. (1999) The

specificity-conferring code of adenylation domains in nonribo-
somal peptide synthetaseshem. Biol. 6 493-505.

. Branchini, B. R., Murtiashaw, M. H., Magyar, R. A., Portier, N.

C., Ruggiero, M. C., and Stroh, J. G. (2002) Yellow-green and
red firefly bioluminescence from 5,5-dimethyloxyluciferih,Am.
Chem. Soc. 12£2112-2113.

Altschul, S. F., Madden, T. L., Schaffer, A. A., Zhang, J. H.,
Zhang, Z., Miller, W., and Lipman, D. J. (1997) Gapped BLAST
and PSI-BLAST: A new generation of protein database search
programs Nucleic Acids Res. 28389-3402.

. Pollastri, G., Przybylski, D., Rost, B., and Baldi, P. (2002)

Improving the prediction of protein secondary structure in three
and eight classes using recurrent neural networks and profiles,
Proteins: Struct., Funct., Genet. 4228-235.

Guarnieri, F., and Still, W. C. (1994) A rapidly convergent
simulation method: Mixed Monte Carlo/stochastic dynamics,
Comput. Chem. 151302-1310.

Senderowitz, H., Guarnieri, F., and Still, W. (1995) A smart Monte
Carlo technique for free energy simulations of multiconforma-
tional molecules. Direct calculations of the conformational popu-
lations of organic molecules]. Am. Chem. Soc. 11B211-
82109.

Keseru, G. M., and Kolossvary, I. (2001) Fully flexible low-mode
docking: Application to induced fit in HIV integrase, Am.
Chem. Soc. 12312708-12709.

Kolossvary, I., and Keseru, G. M. (2001) Hessian-free low-mode
conformational search for large-scale protein loop optimization:
Application to c-jun N-terminal kinase JNK3, Comput. Chem.
22, 21-30.

Qiu, D., Shenkin, P., Hollinger, F., and Still, W. C. (1997) The
GB/SA continuum model for solvation. A fast analytical method
for the calculation of approximate born radli,Phys. Chem. 101
3005.

McElroy, W. D., DelLuca, M., and Travis, J. (1967) Molecular
uniformity in biological catalyses. The enzymes concerned with
firefly luciferin, amino acid, and fatty acid utilization are
comparedScience 157150-160.

. Rhodes, W. C., and McElroy, W. D. (1958) The synthesis and

function of luciferyl-adenylate and oxyluciferyl-adenylaieBiol.
Chem. 2331528-1537.



Luciferase Partial Reactions Biochemistry, Vol. 44, No. 5, 20051393

51. Wilkinson, A. J., Fersht, A. R., Blow, D. M., and Winter, G. (1983)  54. Kraulis, P. J. (1991) MOLSCRIPT: A program to produce both
Site-directed mutagenesis as a probe of enzyme structure and detailed and schematic plots of protein structurés,Appl.

catalysis: Tyrosyl-tRNA synthetase cysteine-35 to glycine-35 Crystallogr. 24 946—950.

mutation,Biochemistry 223581-3586. _ 55. Esnouf, R. M. (1999) Further additions to MolScript version 1.4,
52. Kuliopulos, A., Talalay, P., and Mildvan, A. S. (1990) Combined including reading and contouring of electron-density mayuta

effects of two mutations of catalytic residues on the ketosteroid Crystallogr., Sect. D 55938-940.

isomerase reactiofgiochemistry 2910271-10280. 56. Fenn, T. D., Ringe, D., and Petsko, G. A. (2003) POV S¢ript
53. McCapra, F., Gilfoyle, D. J., Young, D. W., Church, N. J., and A program for model and data visualization using persistence of

Spencer, P. (1994) The chemical origin of colour differences in vision ray-tracing,J. Appl. Crystallogr. 36944—947.

beetle bioluminescence, Bioluminescence and Chemilumines- 57 Merritt, E. A., and Bacon, D. J. (1997) Raster3D: Photorealistic

cence: Fundamentals and Applied Aspe@@ampbell, A. K., molecular graphicsMethods Enzymol. 27505-524.

Kricka, L. J., and Stanley, P. E., Eds.) pp 3801, John Wiley
and Sons, Chichester, U.K. BI047903F



