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ABSTRACT: Vibrio harVeyi luciferase is anRâ heterodimer containing a single active site, proposed earlier
to be at a cleft in theR subunit. In this work, six conserved phenylalanine residues at this proposed active
site were subjected to site-directed mutations to investigate their possible functional roles and to delineate
the makeup of luciferase active site. After initial screening of Phef Ala mutants,RF46,RF49,RF114,
andRF117 were chosen for additional mutations to Asp, Ser, and Tyr. Comparisons of the general kinetic
properties of wild-type and mutated luciferases indicated that the hydrophobic nature ofRF46, RF49,
RF114, andRF117 was important to luciferaseVmax andVmax/Km, which were reduced by 3-5 orders of
magnitude for the Phef Asp mutants. BothRF46 andRF117 also appeared to be involved in the binding
of reduced flavin substrate. Additional studies on the stability and yield of the 4a-hydroperoxyflavin
intermediate II and measurements of decanal substrate oxidation byRF46D,RF49D,RF114D, andRF117D
revealed that their marked reductions in the overall quantum yield (φ°) were a consequence of diminished
yields of luciferase intermediates and, with the exception ofRF114D, emission quantum yield of the
excited emitter due to the replacement of the hydrophobic Phe by the anionic Asp. The locations of these
four critical Phe residues in relation to other essential and/or hydrophobic residues are depicted in a refined
map of the active site. Functional implications of these residues are discussed.

In the bioluminescence reaction catalyzed by bacterial
luciferase, a flavin-dependent monooxygenase, reduced
riboflavin 5′-phosphate (FMNH2)1 and a long-chain aliphatic
aldehyde are oxidized by molecular oxygen to produce FMN,
H2O, aliphatic carboxylic acid, and visible light with an
overall quantum yield (φ°) of about 0.12. It is intriguing that
bacterial luciferase is unique among all known flavin-
dependent monooxygenases in catalyzing a light-emitting
reaction. The proposed minimal mechanism of the luciferase
bioluminescence reaction is depicted in Scheme 1 (1, 2). The
luciferase-bound N1-deprotonated FMNH- (intermediate I)
reacts with molecular oxygen to generate a 4a-hydroperoxy-
FMNH intermediate (HF-4a-OOH or II), which either
undergoes a dark decay to produce FMN and H2O2 in the
absence of aldehyde or reacts with aldehyde to form 4a-
peroxyhemiacetal-FMNH (HF-4a-OOCH(OH)R or III).
Intermediate III undergoes a still poorly understood reaction
to generate carboxylic acid and an excited-state species 4a-
hydroxy-FMNH* (HF-4a-OH* or IV*). The relaxation of
IV* to the ground state is accompanied by light emission.
Finally, the decay of the ground-state IV produces FMN and
water and regenerates the free luciferase.

Bacterial luciferase is a heterodimer having molecular
masses of 40 and 37 kDa for theR and â subunits,
respectively (3). The crystal structure of theVibrio harVeyi
luciferase has been solved at the resolutions of 2.4 and 1.5
Å in the absence of any bound substrate or specific inhibitor
(4, 5). Hence, the exact location and atomic structure of the
luciferase active site have thus far not been directly
determined. TheR and â chains display 32% sequence
identity, both assume a (â/R)8 barrel structure, and theR
carbon main chain of these two subunits are nearly super-
imposable (4). Yet, interestingly, there is only one binding
site for each of the FMNH2 (6) and aliphatic aldehyde (7)
substrates.V. harVeyi luciferase also has a weak aldehyde
inhibitor site, which is independent from the aldehyde
substrate site but overlaps with the FMNH2 site. Contrary
to the rapid equilibrium binding of the aldehyde and FMNH2

substrates, the binding and release of aldehyde by this
inhibitor site are both much slower (7). Therefore, inhibition
is observed only when a high level of aldehyde is added to
luciferase prior to FMNH2.

In lieu of an atomic structure, a pocket near the C-terminal
end of theâ barrel in theR subunit ofV. harVeyi luciferase
has been proposed to be the general location of the active
site by comparisons with the active sites of some other (â/
R)8 barrel enzymes (4, 5). This proposed active site pocket
is supported by other considerations and findings. The
original crystal structure of luciferase has a bound phosphate
directly interacting withRR107 next to this pocket (4). This
phosphate site was proposed to be the same binding site for
the phosphate in FMNH2 (4), and a later mutagenesis study
(8) provides experiment support for this interpretation. Acis
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peptide linkage was found betweenRA74 andRA75 border-
ing this pocket (5). The existence of the rare nonprolylcis
bond is generally considered as suggestive evidence for its
involvement in ligand binding or catalysis. A computational
model of the active site is consistent with and further supports
the proposed general location of the active site (9). On the
basis of this computationally modeled active site, mutations
of selected residues were found to affect luciferase activity
or the color of the bioluminescence (10, 11).

A key structural difference between theR andâ subunits
is a 29-residue loop fromR258 toR286 that does not exist
in the â subunit. This loop is structurally disordered; the
segments ofR272-R288 andR262-R290 are, respectively,
not resolved in the 2.4 and 1.5 Å crystal structures of
luciferase (4, 5). This mobile loop is located right next to
the opening of the proposed active site pocket and has been
postulated to be important to the gating of the active site
by, while in a closed configuration, shielding the intermedi-
ates during the catalysis (3). This postulate is supported by
site-directed mutagenesis studies carried out in our laboratory,
which show that the torsional flexibility of theRG275 and
the hydrophobic and bulky nature of theRF261 within this
loop are both essential to the luciferase light-emitting activity
(12).

The above-mentioned mutational study shows that theVmax

(i.e., the maximal bioluminescence intensity) of luciferase
can be reduced about 5 orders of magnitude by theRF261D
mutation. In comparison with the mutational effects on the
yields of various intermediates, one major cause for the much
reduced luciferase activity is the drastically diminished
emission quantum yield of the excited emitter IV* (φIV* )
when the hydrophobicRF261 is replaced by the anionic
aspartyl residue (12). Recently, we found that the fluores-
cence quantum yield of 5-decyl-4a,5-dihydroriboflavin-5′-
phosphate, a model for the luciferase emitter IV*, is increased
3 orders of magnitude by binding to luciferase active site
(13). These findings indicate the hydrophobicity of the

luciferase active site is essential to a highφIV* and, hence,
the overallφ°. The present study was carried out to further
test this working hypothesis by identifying additional con-
served hydrophobic residues in the proposed active site
pocket and examine the mutational effects of selected
residues on the bioluminescence activities and intermediate
yields of the mutant luciferases. The results allowed us to
further establish the importance of the hydrophobicity of
luciferase active site to the luminescence activity, identify
additional critical phenylalanyl residues, and better define
the boundary of the luciferase active site.

EXPERIMENTAL PROCEDURES

Materials. Site directed mutagenesis kit and competent
cells Escherichia coliJM101 were from Strategene. Oligo-
nucleotide primers were products of MWG Biotech. FMN,
dodecanol, decanal, and sodium hydrosulfite were purchased
from Sigma. DEAE-cellulose DE52 and DEAE-sepharose
were from Whatman and Pharmacia, respectively. Wizard
SV Plus Miniprep kits and dithiothreitol were from Promega.
All decanal solutions were prepared in absolute ethanol. The
50 mM standard phosphate (Pi) buffer was at pH 7.0 with
molar fraction of 0.39 for sodium monobase and 0.61 for
potassium dibase in deionized water.

Luciferase Mutants. V. harVeyi luxAB genes encoding
luciferase Râ heterodimer were harbored in the pUC19
vector. Stratagene Quickchange Site-Directed Mutagenesis
kit was used to perform mutation inluxA. The codon TTC
of RF46 was modified to GCC, GAC, TCC, and TAC for
alanine (RF46A), aspartate (RF46D,), serine (RF46S), and
tyrosine (RF46Y). The codon TTT forRF49, RF114, and
RF117 was modified to GCT, GAT, TCT, and TAT for
alanine (RF49A, RF114A, RF117A), aspartate (RF49D,
RF114D, andRF117D), serine (RF49S,RF114S, andRF117S),
and tyrosine (RF49Y, RF114Y, andRF117Y). Protocols
along with the kit were followed to obtain mutants. Those
PCR-based mutageneses were confirmed by sequencing by

Scheme 1
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the Lone Star Lab. Each mutant was then transformed into
E. coli JM101 competent cells according to the protocol
included in the kit from Stratagene.

Luciferase Purification and ActiVity Assays. Each lu-
ciferase variant was overexpressed at 37°C for 16∼20 h
till the OD600 reached at least 4 and purified, according to
the protocol previously described (14), from host strainE.
coli JM101 to g85% homogeneity based on patterns of
sodium dodecyl sulfate-polyacrylamide gel electrophoresis.
The luciferase activity was determined in 50 mM standard
Pi buffer (pH 7.0) at 23°C using a calibrated photometer
with FMN reduced by dithionite or Cu-I as previously
described (7, 15). After the onset of the reaction, the
autoxidation of excess free FMNH2 is much faster than the
luciferase-catalyzed oxidation of the bound FMNH2. Hence,
the luciferase light emission time course in activity assay is
that from a single-turnover reaction. The bioluminescence
quickly reached a peak within a second and then decayed
exponentially. The activity (V) of luciferase was directly
determined as the peak intensity of the bioluminescence in
q/s. Michaelis constants for decanal (KmA) and FMNH2 (KmF)
and Vmax were determined from double-reciprocal plots of
results obtained from substrate titration experiments. For
comparisons ofVmax of various species of luciferases, enzyme
concentrations were normalized to eliminate differences in
enzyme sample purity.

Stability of 4a-Hydroperoxy-FMNH Intermediate II.
Intermediate II was formed by the addition of a slight excess
amount of sodium dithionite to a 50 mM Pi buffer containing
50 µM FMN and a desired species of luciferase followed
by gentle mixing under aerobic conditions. The initial
bleaching of the yellow sample color indicated the reduction
of FMN. After mixing for seconds, the solution changed from
clear back to yellow, indicating the exhaustion of dithionite
and the re-formation of FMN from free FMNH2. By this
time, the luciferase-bound FMNH2 also underwent oxidation
to become intermediate II. After different times of incubation
at 23 or 4°C, 100-µL aliquots were withdrawn for activity
assays at 23°C. A parallel experiment was performed with
75 µM dodecanol included in the luciferase-FMN solution
to stabilize the intermediate II (16). The rate constant for
the dark decay of intermediate II (kD) was determined by a
semilogarithmic plot ofI/I° versus time in whichI° and I
are, respectively, the bioluminescence activities detected at
time zero when the intermediate II was first formed and after
a given period of time of standing after the II formation.

Stopped-Flow Spectrophotometry. A 50 mM Pi solution
containing 50µM FMN (or 200µM FMN for the RF117D-
catalyzed reaction) and 10 mM EDTA was made anaerobic
by repeated evacuation and equilibration with nitrogen in
an airtight flask. FMN was reduced by long wavelength UV,
and the bleached FMNH2 solution was then withdrawn into
an airtight stopped-flow syringe. A separate 135µM lu-
ciferase solution was prepared in an air-saturated 50 mM Pi
buffer in another syringe. The luciferase-catalyzed oxidation
of FMNH2 was initiated by mixing 120µL of solution from
each syringe by using an Olis RSM 1000 stopped-flow
spectrophotometer at 23°C. The absorbance changes at 382
and 445 nm over time were collected after the mixing and
were normalized as∆A/∆A∞, where∆A and ∆A∞ are the
increases of absorbance from time zero immediately after
mixing to, respectively, a given time after the mixing and

upon the completion of the reaction. Kinetics and absorbance
changes during the autoxidation of FMNH2 were similarly
determined by mixing the FMNH2 solution with an air-
saturated phosphate buffer without luciferase.

Aldehyde Consumption.A decanal standard curve based
on light intensities obtained in luciferase assays at different
decanal concentrations was first constructed as described
before (14). A 1-mL 50 mM Pi buffer solution containing a
specified level of FMNH2 (prepared by the Cu-I reduction
method) was injected into an equal volume of buffer
containing 1µM decanal and 20µM wild-type or mutant
luciferase. After the completion of the bioluminescence
reaction, 20µL aliquots of the sample were withdrawn and
used as aldehyde sources for the determination of the
amounts of remaining decanal. Control sample was prepared
similarly but with the Cu-I-reduced FMNH2 completely
reoxidized before injection to the luciferase/decanal solution.

RESULTS

Site-Directed Mutagenesis. To investigate the relationship
between luciferase active site hydrophobicity and biolumi-
nescence activity, a number of phenylalanyl residues were
targeted for mutation on the basis of two criteria, namely,
presence at or within the boundary of the proposed active
pocket and conservation in primary sequences of luciferases
from V. harVeyi, Kryptophanaron alfredi, Vibrio fischeri,
Photobacterium phosphoreum, Photobacterium. leiognathi,
and Xenohabdus luminescens(17). Six phenylalanyl residues
(namelyRF6,RF46,RF49,RF114,RF117, andRF327) were
so identified, and each was first mutated to alanine. Plasmids
harboring these mutated luciferase genes were transformed
into E. coli JM101 host cells. Markedly reduced in vivo
bioluminescence (triggered by the addition of decanal) was
observed with cells expressing theRF46A,RF49ARF114A,
andRF117A mutants, but little changes in bioluminescence
were observed with the other two mutants. Therefore, for
subsequent studies, the residuesRF46, RF49 RF114, and
RF117 were each mutated to three additional types of
residues (i.e., Asp, Ser, and Tyr), and all luciferase variants
derived from these mutations were purified and subjected
to detailed characterizations.

General Kinetics Properties of Luciferase Variants. The
general kinetic properties of all 16 luciferase mutants and
that of the wild-type luciferase were determined and sum-
marized in Table 1. In comparison with the wild-type
luciferase, no significant change in the Michaelis constant
for decanal (KmA) was detected forRF46A, whereas all other
luciferase variants showed significantly but not drastically
increased values up to a 6-fold increase forRF49Y. The
effects of mutations on theKmF were more variable. In
comparison with the native luciferase, relatively little changes
in KmF values were observed for the four types of mutation
of residueRF49 orRF114. ForRF46 andRF117, mutational
effects on theKmF values ranged from marked increases for
the mutation to the anionic Asp (i.e., 247- and 87-fold
increases forRF46D and RF117D, respectively) to less
pronounced increases for their neutral Ser and Ala mutations,
to a slight reduction in value for the mutation to the
hydrophobic Tyr. TheVmax values for all luciferase variants
were significantly reduced. For each ofRF46,RF49,RF114,
andRF117, the most pronounced (ranging from 3 to 5 orders
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of magnitude) reductions were always associated with the
Phef Asp mutation, the least activity decreases were always
for the Phef Tyr mutation, and intermediate effects were
observed for the mutations to Ser and Ala. Since mutations
gave rise to more variableKmF than KmA values, only the
Vmax/KmF values are shown in Table 1 for all the mutants for
comparisons with that of the wild-type luciferase. Qualita-
tively similar to the mutational effects onVmax, the RF46,
RF49, RF114, andRF117 showed the most pronounced
reductions inVmax/KmF for the Phef Asp mutation, the least
activity decreases for the Phef Tyr mutation, and inter-
mediate decreases for mutations to Ser and Ala.

While the wild-type luciferase and theRF46D, RF49D,
and RF117D variants all showed single-exponential light
decays in the single-turnover bioluminescence reaction (with
respectivek at 13.1, 5.6, 0.8, and 14.0 min-1), RF114D
exhibited a double-exponential decay time course (k1 andk2

at 30 and 0.4 min-1, respectively).
Quantum Yield and Intermediate II Dark Decay.Since the

four Phe f Asp mutants showed the most pronounced
reductions inVmax andVmax/KmF, they were selected for all
subsequent characterizations with results summarized in
Table 2. The overall quantum yields (φ°) of the native and
mutated luciferases were determined by measuring their total
quantum outputs over the complete time course of emission.
All four Phef Asp luciferase variants were associated with
much reducedφ°, about 2-4 orders of magnitude lower than
that of the wild-type enzyme. The rate constants of inter-

mediate II dark decay (kD) in the absence of aldehyde
substrate were determined at 23 and 4°C, in the absence
and presence of 75µM dodecanol as a stabilizing agent (16).
At 23 °C in the absence of dodecanol,RF46D, RF49D,
RF114D, andRF117D produced slightly more labile inter-
mediate II species, having 1.5-3.5-fold increasedkD values
in comparison with that of the wild-type luciferase. The
modest effects of the Phef Asp mutations on intermediate
II dark decay rate suggest that these four Phe residues are
primarily involved in maintaining a hydrophobic active site
environment rather than directly shielding the flavin C-4a
site of the intermediate II. The presence of dodecanol
stabilized all intermediate II species from the wild-type
enzyme and the four luciferase mutants, with II fromRF46D
andRF117D being 2-3-fold more stable than the wild-type
II. Lowering the temperature to 4°C in the absence of
dodecanol stabilized all intermediate II species but to
different degrees, withkD values of the four mutant inter-
mediate II species ranging from 2-fold smaller to 2-fold
larger than that of the wild-type II. At 4°C, dodecanol had
greater stabilizing effects on the mutant intermediate II
species, giving rise to more stable intermediate II for the
four luciferase mutants than that of the wild-type luciferase.

Stopped-Flow Measurement of Luciferase-Catalyzed FM-
NH2 Oxidation.The FMNH2 oxidation catalyzed by various
luciferase species was examined by stopped-flow spectros-
copy in order to determine the effects of luciferase mutations
on the yields of intermediate II. In comparison with FMNH2,
FMN has markedly increased absorption in the range of
360-510 nm. When FMNH2 is oxidized to FMN without
involving the intermediate II, the absorbance increases
monitored at any chosen wavelength from 360 to 510 nm
would follow the same time course. An example of such a
process is the autoxidation of FMNH2, for which the time
course of normalized absorbance increases (∆A/∆A∞) at 382
nm was indeed identical to that at 445 nm as shown in Figure
1A. In contrast, the luciferase-catalyzed oxidation of bound
FMNH2 involves first a rapid formation of intermediate II
and then a slow decay of II to FMN (16, 18). Moreover,
this overall process is characterized by different time courses
of absorbance changes at 338 and 445 nm. The absorption
spectrum of intermediate II is distinct from that of FMNH2

and FMN and is characterized by a peak at 372 nm.
Moreover, intermediate II shares with FMN an isosbestic
point at 382 nm with an extinction coefficient twice of that
for the bound FMNH2 (18). Therefore, the formation of II
from FMNH2 is coupled to a rapid and marked increase of
A338, but no further change inA338 is associated with the
decay of II to FMN. At 445 nm, intermediate II has a slightly

Table 1: General Kinetic Propertiesa of Wild-Type Luciferase and
Variants

enzyme
KmA

(µM)
KmF

(µM)
relative

Vmax

relative
Vmax/KmF

wild-type 1.6 0.6 1 1
RF46D 3.2 148 3.6× 10-3 8.0× 10-4

RF46S 2.6 4.3 9.3× 10-2 1.4× 10-2

RF46A 1.3 12.3 2.2× 10-2 1.2× 10-2

RF46Y 2.4 0.3 1.5× 10-1 2.9× 10-1

RF49D 3.0 1.3 3.2× 10-5 1.6× 10-5

RF49S 3.3 0.7 3.4× 10-4 3.3× 10-4

RF49A 3.0 2.7 2.3× 10-4 5.4× 10-5

RF49Y 10.1 0.6 2.9× 10-2 2.8× 10-2

RF114D 7.3 1.0 4.2× 10-3 2.7× 10-3

RF114S 8.3 0.2 6.7× 10-2 2.7× 10-1

RF114A 9.3 0.3 7.8× 10-2 1.6× 10-1

RF114Y 2.7 0.3 2.5× 10-1 5.5× 10-1

RF117D 3.1 52 8.2× 10-4 1.0× 10-5

RF117S 2.4 1.3 2.6× 10-2 1.4× 10-2

RF117A 3.0 1.5 2.7× 10-2 1.2× 10-2

RF117Y 5.1 0.3 4.3× 10-1 9.9× 10-1

a KmA and KmF are Michaelis constants for decanal and FMNH2,
respectively.

Table 2: Comparison of Wild-Type with Mutant Luciferases with Respect to Quantum Yield, Intermediate II Dark Decay, Yield of
Intermediate II, and Aldehyde Consumption

kD
a (min-1) at 23°C kD

a (min-1) at 4°C
enzyme φ°/φ°-WT - dodecanol + dodecanol - dodecanol + dodecanol

yield of IIb

(%)
decanal

oxidationc (%)

wild-type 1 2.1 0.12 0.08 0.015 92 84( 1
RF46D 8.4× 10-3 3.3 0.04 0.10 0.005 30 30( 2
RF49D 5.2× 10-4 3.0 0.61 0.04 0.006 45 6( 2
RF114D 5.1× 10-2 7.2 0.22 0.13 0.001 39 14( 8
RF117D 7.7× 10-4 6.7 0.05 0.15 0.006 <3 6 ( 2
a Apparent first-order rate constant for the dark decay of intermediate II in the absence of aldehyde.b Based on stopped-flow data obtained at 23

°C as shown in Figure 1. The usual errors were(2-3%. c Determined at 23°C in triplets.
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higher absorbance than FMNH2 and both are much weaker
in absorption than FMN. Hence, the conversion of FMNH2

to II is typified by a rapid but small increase ofA445 with
the subsequent decay of II to FMN associated with a slow
but sizable increase ofA445. As a positive control, the wild-
type luciferase-catalyzed oxidation of FMNH2 was monitored
by stopped-flow spectroscopy and results are shown in Figure
1B. The formation of II was indicated by a fast rise inA382

with little increases ofA445 within the initial 0.1 s. After the
first 0.1 s, no further increases ofA382 were detected but a
large and slow increase ofA445 was observed for the decay
of II to FMN. A comparison of the observed increase of

A445 when the maximal increase ofA382 was achieved with
the maximal increase ofA445 upon the completion of the
oxidation reaction allows the determination of the percentage
yield of intermediate II. On the basis of results shown in
Figure 1B, 92% yield of II was detected for the wild-type
luciferase (Table 2). Figure 1C shows the results for the
RF49D-catalyzed oxidation of FMNH2. A fast increase in
A382 was observed for the first 0.2 s. During this initial 0.2
s, a partial but sizable increase inA445 was also detected.
Subsequently, no further changes inA382 were observed, but
theA445 continued with a slow increase until completion of
the reaction. The yield of II in theRF49D-catalyzed oxidation
of FMNH2 was similarly calculated to be 45% (Table 2).
TheRF46D-,RF114D-, andRF117D-catalyzed oxidation of
FMNH2 were similarly monitored by stopped-flow spectros-
copy (results not shown), allowing the determination of 30,
39, and<3% as their respective yields of II (Table 2).

Aldehyde Consumption. The monooxygenation of aldehyde
to the corresponding carboxylic acid is coupled to the
formation of the light emitting intermediate IV* in the
luciferase-catalyzed bioluminescence reaction (19). The
capabilities of the four Phef Asp luciferase variants to
convert aldehyde to carboxylic acid were examined and
compared with that of the wild-type luciferase (Table 2).
Using a limited amount of decanal (0.5µM) and excess
luciferase (10µM) and FMNH2 (25 µM), about 84( 1% of
decanal was consumed by the wild-type luciferase. The
abilities to oxidize decanal by luciferase variants were
similarly determined using FMNH2 at 25 µM for RF49D
andRF114D, 60µM for RF117D, and 175µM for RF46D
due to differences in theirKmF values. All luciferase mutants
showed decreased abilities to oxidize aldehyde, ranging from
30 ( 2 and 14( 8% decanal oxidation byRF46D and
RF114D, respectively, to a low level of 6( 2% for RF49D
andRF117D (Table 2).

DISCUSSION

A conservedRF261 is located in a mobile loop next to
the opening of the proposed luciferase active site pocket.
Our site-directed mutagenesis study of this residue demon-
strated that the hydrophobic nature ofRF261 is critical to
the bioluminescence activity of luciferase. (12). We also
recently reported that the microenvironment of luciferase
active site is suitable for a marked enhancement of the
fluorescence quantum yield of 5-decyl-4a-hydroxy-4a,5-
dihydroFMN (a model for the proposed luciferase excited
emitter IV* shown in Scheme 1) to a level of 50% of the
overall quantum yieldφ° (13). These reports suggest that
the hydrophobicity of the luciferase active site is an important
determinant for the bioluminescence efficiency of luciferase.
This work was initiated to first test such a working hypothesis
by the identification of additional essential phenylalanine
residues near the proposed active site pocket and the
characterization of the effects of the mutation of these
residues to probe their potential functional roles. Second,
since the atomic structure of luciferase active site has not
been determined, this work was carried out to further map
the luciferase active site by mutations of strategically selected
residues. To these ends, six conserved phenylalanine residues
near the proposed active site pocket (namelyRF6, RF46,
RF49, RF114,RF117, andRF327) were first each mutated
to an alanine. The initial screening of the in vivo biolumi-

FIGURE 1: Comparison of time course of FMNH2 autoxidation and
the oxidations catalyzed by wild-type luciferase andRF49D. An
anaerobic 50 mM phosphate buffer, pH 7.0, containing 50µM
FMNH2 and 10 mM EDTA was mixed with an equal volume of
an air-saturated 50 mM phosphate buffer, pH 7.0, containing no
luciferase (A), 135µM of the wild-type luciferase (B), orRF49D
(C) by using an Olis stopped-flow spectrophotometer. The oxidation
of FMNH2 was followed by monitoring the changes in∆A382 (open
circles) and∆A445 (solid line). For direct graphic comparisons of
the time courses of∆A382 with that of∆A445, all absorbance changes
at a given wavelength were expressed as fractions of the maximal
change at the same wavelength as∆A/∆A∞, where∆A and ∆A∞
are the increases in absorbance from time zero to, respectively, a
given time after the mixing and the completion of the reaction.
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nescence of cells harboring these mutated luciferase genes
allowed us to focus onRF46,RF49,RF114, andRF117 for
additional mutations and detailed characterizations of the
mutated luciferases.

In addition to the mutation to an Ala,RF46,RF49,RF114,
and RF117 were also each mutated to Asp, Ser, and Tyr.
From the results shown in Table 1, no marked changes in
KmA were detected for any of these 16 luciferase variants
and very little changes inKmF resulted from the four
mutations ofRF49 orRF114. However, forRF46 andRF117,
marked increases inKmF were found for mutation to the
anionic Asp. Such an adverse effect onKmF was substantially
lessened by mutations to the neutral Ser and Ala and even
slightly overcompensated by mutation to the hydrophobic
Tyr. These findings suggest that the hydrophobic nature of
RF46 andRF117 contributes to the binding of the FMNH2

substrate.
When the hydrophobic Phe was mutated to an anionic Asp,

RF46D, RF49D, RF114D, andRF117D showed markedly
reducedVmax and Vmax/KmF, ranging from 3 to 5 orders of
magnitude lower than those of the native luciferase. Impor-
tantly, progressive and substantial recoveries ofVmax and
Vmax/KmF were achieved when the anionic Asp was replaced
by the neutral Ser or Ala and, further, by the hydrophobic
Tyr for mutation. It should be noted that the replacement of
Asp by Tyr for mutation resulted in all cases in enhancements
of Vmax and Vmax/KmF by 2-3 orders of magnitude. These
results clearly indicate that the hydrophobicity of the
conservedRF46, RF49, RF114, andRF117 was critical to
the expression of the luciferase activity.

While Vmax is the maximal rate of quantum production
(in q/s) of luciferase (measured as the maximal peak intensity
of bioluminescence at saturating substrates), the overall
quantum yield (φ°) of the luminescence reaction is based on
the total quantum output. On the basis of Scheme 1,φ° can
be expressed by the following relationship:

where eachY is the yield of an intermediate (defined by the
subscript) andφIV* is the emission quantum yield of the
excited emitter IV*. Reductions in luciferaseφ° can be a
consequence of diminished values of any one or any
combination of the factors indicated in eq 1. To further
identify the causes for the drastically reduced abilities to emit
light, the Phef Asp mutants ofRF46, RF49, RF114, and
RF117 were subjected to additional characterizations with
respect to yields of luciferase intermediates andφIV* .

The major factor(s) that led to the drastically diminished
φ° of the four mutants shown in Table 2 can be apparently
grouped into two types. The first group consists ofRF46D,
RF49D, andRF117D for which their much reducedφ° values
were a consequence of diminishedYII , YIIIYIV* , andφIV* . The
yields of intermediate II by the native and mutated luciferases
can be determined from the stopped-flow experiments (Figure
1). A 30% yield of intermediate II was determined from
stopped-flow data forRF46D using 25µM FMNH2 (after
mixing), which is significantly lower than theKmF. Under
optimal conditions, the yield of II byRF46D from luciferase-
bound FMNH2 should be>30%. The yields of intermediate
III and IV* were not individually determined in this work.
However, our available results provide estimates of these

yields. The yield of III is determined by a competition
between the dark decay of II (kD) with the rate of III
formation from II and aldehyde. While the latter rate was
not determined, thekD values for RF46D weree3-fold
different from that of the wild-type luciferase at 23 or 4°C
in the absence or presence of dodecanol as a stabilizing agent.
These results suggest that the yield of III byRF46D was
unlikely to be drastically lower than that of the wild-type
enzyme. Moreover, the formation of the excited emitter IV*
is coupled to the oxidation of aldehyde substrate to carboxylic
acid (19). Therefore, the percentage oxidation of decanal
using excess luciferase and FMNH2 (i.e., 30( 2% in this
case ofRF46D) provides an estimate of the combinedYIIIYIV*

term in eq 1. TheYII at g30% together with the measured
φ°/ φ°-WT at 8.4× 10-3 and decanal oxidation (≈YIIIYIV* ) at
30% allowed an estimate of theφIV* of RF46D to be about
1 order of magnitude lower than that of the wild-type
luciferase. Therefore, the 3 orders of magnitude reduction
in φ° for RF46D was a result of the mutational effects on all
three parameters ofYII, YIIIYIV* , andφIV* . By similar analyses
of results shown in Table 2, the approximatedφIV* value of
RF114D was found resembling that of the native luciferase,
whereas those ofRF117D andRF49D were reduced by 1
and 2 orders of magnitude, respectively. Therefore,RF49D
and RF117D were similar toRF46D in that their marked
reducedφ° values were consequences of compromisedYII ,
YIIIYIV* , andφIV* . The RF114D was an apparent exception
from the first group. Among the four Phef Asp mutants,
RF114D had the least pronounced (i.e., at 20-fold) reduction
in φ°, which can be essentially accounted for by decreased
yield of YII and decanal oxidation without having to resort
to significant changes in itsφIV* . As already mentioned,
RF114D also differed from the wild-type luciferase and
RF46D,RF49D, andRF117D variants in exhibiting a double-
exponential decay time course in the nonturnover biolumi-
nescence reaction. The molecular basis for such a change of
light decay kinetics remains unclear. This uncertainty,
however, does not directly impact on conclusions made in
this or our earlier reports.

Although with differences in details, the hydrophobic
nature ofRF46,RF49,RF114, andRF117 was shown to be
critical to the bioluminescence activity of luciferase through
their essentialities toYII , YIIIYIV* and, with the exception of
RF114D, φIV* . These findings are quite consistent with
literature information. As has been revealed from flavin
models, the dark decay of intermediate II can be effectively
retarded in a more hydrophobic environment (20). Also, the
binding of hydrophobic long-chain alcohols to luciferase
remarkably enhanced the stability of intermediate II (16).
Therefore, a hydrophobic microenvironment of the luciferase
active site may contribute to reduced dark decay of inter-
mediate II, enhanced yield of intermediate III, and, possibly,
a better yield of IV* by enhanced aldehyde binding. We have
recently shown that the fluorescence quantum yield of a IV*
model compound 5-decyl-4a,5-dihydroriboflavin-5′-phos-
phate can be enhanced by at least 3 orders of magnitude by
binding to luciferase (13). On the basis of previous studies
of the medium hydrophobicity on fluorescence intensities
of various flavins (21, 22), such a marked fluorescence
enhancement of 5-decyl-4a,5-dihydroriboflavin-5′-phosphate
by luciferase binding is, at least in part, a consequence of
the hydrophobic environment of the luciferase active site.

φ° ) YIIYIIIYIV* φIV* (1)
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The originally proposed general location of the luciferase
active site pocket (4, 5) and the essential role ofRR107 in
FMNH2 phosphate binding (8) form a basis for a computa-
tional model of the luciferase active site (9). Essential
residues revealed by earlier and the present site-directed
mutagenesis studies provide a test to the proposed active site
and more definitively depict the makeup of the active site
of luciferase as shown in Figure 2.RH44 andRH45 have
been shown to be critical to luciferase activity (14) with the
former as a catalytic base participating at a step after the
formation of intermediate II (23) and the latter essential to
the formation of intermediate II (24). These two essential
histidine residues are sandwiched betweenRF49 andRF117
with all four residues aligned almost along a linear path. It
is interesting to note thatRF49 is next toRH44 and is
similarly important to the oxidation of aldehyde substrate,
whereasRF117 is next toRH45 and both are essential to a
high yield of intermediate II (Table 2). In the orientation as
shown in Figure 2, the opening of the luciferase active site
is facing the 10 o’clock direction.RH44 and RH45 are
shielded from a direct exposure to aqueous medium by two
hydrophobic clusters. One hydrophobic cluster comprising
RF49 andRW250 is next toRH44. In this connection,
RW250 has been shown to be important to the binding of
FMNH2 and aldehyde (25). The other hydrophobic barrier
is nearRH45 and consists of residuesRF114,RF117,RV116,
RF46,RF261, andRI260. Moreover,RF261 andRI260 are
at one end of a mobile loop which, as a whole, has been
proposed to function as a gate to shield the active site-bound
intermediates during catalysis (12, 26). In all, a number of
hydrophobic residues within the active site and the mobile
loop itself provide a network to ensure a generally hydro-
phobic environment of the luciferase active site. Of these

essential hydrophobic residues, the functional roles ofRF46,
RF49, RF114, andRF117 were revealed in this work.
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