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ABSTRACT: Residues 257-291 of theVibrio harVeyi bacterial luciferaseR subunit comprise a highly
conserved, protease-labile, disordered loop region, most of which is unresolved in the previously determined
X-ray structures of the native enzyme. This loop region has been shown to display a time- dependent
proteolysis resistance upon single catalytic turnover and was postulated to undergo conformational changes
during catalysis ([AbouKhair, N. K., Ziegler, M. M., and Baldwin, T. O. (1985)Biochemistry 24, 3942-
3947]. To investigate the role of this region in catalysis, we have performed site-specific mutations of
different conserved loop residues. In comparison withVmax andVmax/Km,flavin of the native luciferase, the
bioluminescence activities ofRG284P were decreased to 1-2% whereas those ofRG275P andRF261D
were reduced by 4-6 orders of magnitude. Stopped-flow results indicate that bothRG275P andRF261D
were able to form the 4a-hydroperoxy-FMN intermediate II but at lower yields. Both mutants also had
enhanced rates for the intermediate II nonproductive dark decay and significantly compromised abilities
to oxidize the decanal substrate. Additional mutations were introduced into theRG275 andRF261 positions,
and the activities of the resulting mutants were characterized. Results indicate that the torsional flexibility
of the RG275 residue and the bulky and hydrophobic nature of theRF261 residue were critical to the
luciferase activity. Our results also support a functional role for theR subunit unstructured loop itself,
possibly by serving as a mobile gating mechanism in shielding critical intermediates (including the excited
flavin emitter) from exposure to medium.

Bacterial luciferase is a flavin-dependent monooxygenase
that catalyzes the reaction of reduced riboflavin 5′-phosphate
(FMNH2),1 O2, and a long-chain aliphatic aldehyde to
produce FMN, H2O, and the corresponding aliphatic acid
with a concomitant emission of blue-green light (λmax ) 490
nm). A proposed mechanism (Scheme 1) for the light-
emitting reaction has been the subject of considerable
investigation (1 and references cited therein). Of critical
importance to the luminescence reaction is the generation
of the 4a-hydroperoxy-FMN intermediate II species and its
subsequent reaction with an aliphatic aldehyde, ultimately
leading to the formation of the excited 4a-hydroxy-FMN
emitter (intermediate IV*).

The native luciferase fromVibrio harVeyi is a 77 kDa
heterodimer with theR and â subunits having molecular
masses of 40 and 37 kDa, respectively (2). The adjacentluxA
and luxB genes in thelux operon encode the corresponding
R andâ subunits and are likely a result of gene duplication
(3). TheR andâ polypeptides display 32% sequence identity,
and theR carbon chains of the two subunits are nearly
superimposable. However, theV. harVeyi luciferaseRâ dimer
has a single active site that binds one molecule of reduced
flavin (4, 5) and an aldehyde (6) as substrates. In addition,

this luciferase also binds an aldehyde inhibitor that competes
against the FMNH2 substrate (6). A number of “essential”
amino acid residues in luciferase have been identified by
chemical modifications and mutageneses, with almost all of
them located in the luciferaseR subunit (7 and references
cited therein). Hence, the single active site is considered to
reside primarily, or exclusively, in theR subunit. Such a
conjecture has also been reached by comparing the luciferase
X-ray structure with other similar protein motifs (8, 9).

The main distinguishing feature of the 355-residueR
subunit and the 324-residueâ subunit is a 29-residue insert
in theR subunit between two residues corresponding to the
residues 258 and 259 on theâ subunit (10, 11). Consistent
with a high mobility, most of this region is not resolved in
the previously determined X-ray structures of the native
enzyme (8, 9). In the absence of substrate, this region is
subject to proteolytic cleavage between residuesR274-R291
leading to inactivation of the enzyme. Following protease
cleavage in this region, the capacity for bioluminescence
activity disbands at a rate identical to the loss of the intact
R subunit (12). Protease sensitivity is significantly attenuated
or abolished following exposure to FMNH2 and O2, and
resistance is maintained much longer after dissolution of the
activated FMN intermediate (13).

The findings cited above indicate that an intactR subunit
unstructured loop is essential to luciferase activity and the
catalytic reaction transforms this loop from a resting state
to another state or other states more resistant to proteolysis.
However, there has no clear evidence as to whether this loop
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itself is involved in the luciferase catalysis function. In this
work, we have performed site-specific mutations of four
conserved loop residues identified by sequence alignment
using published data (14-19). The initial mutation of one
of these conserved residues reduced the enzyme activity to
1-2% whereas mutations of two other conserved residues
resulted in luciferase inactivation by 4-6 orders of magni-
tude. Each of these two latter residues was mutated to
multiple types of residues. The resulting luciferase variants
were characterized with respect to steady-state kinetic
properties and the yield and stability of the 4a-hydroperoxy-
FMN intermediate II by manual mixing and stopped-flow
techniques. Results from this work indeed support a critical
role of theR subunit unstructured loop in luciferase catalysis.
Moreover, two essential residues were shown to have
different functional roles. Preliminary results of this work
have been reported in the form of an abstract (20).

EXPERIMENTAL PROCEDURES

Materials. FMN, decanal, dodecanol, sodium hydrosulfite,
and catalase were all from Sigma. Glucose oxidase was from
Fluka. Oligonucleotide primers were from MWG Biotech.
Wizard SV Plus Miniprep kits and DTT were from Promega.
DEAE-cellulose DE52 was from Whatman. All other chro-
matography resins were from Pharmacia. Stock solutions of
decanal were prepared in ethanol. Phosphate (Pi) buffers used
were pH 7.0 and were prepared using mole fractions of 0.39
sodium monobase and 0.61 potassium dibase in deionized
water. The purity of the enzymes investigated was determined
by sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis (SDS-PAGE).

Luciferase Mutants. Mutagenesis of the wild-type nucleo-
tide sequence ofluxA was performed using the Stratagene
Quickchange mutagenesis kit. The dsDNA template used was
the plasmid vector pUC19 harboring theluxAB portion of
the wild-type V. harVeyi lux operon. The codon TTT
encodingRF261 was modified to TAT, TCT, GCT, and GAT
to generate the luciferase mutantsRF261Y,RF261S,RF261A,
andRF261D, respectively. The codon GGT encodingRG275
was modified to GCT, TTT, ATT, and CCA to generate the
mutantsRG275A,RG275F,RG275I, andRG275P, accord-
ingly. The codons CGT and GGC encoding residuesR278R
andR284G, respectively, were modified to GCT and CCC

to yield RR278A andRG284P. Each mutant was confirmed
following the PCR-based mutagenesis reaction by sequencing
purified plasmid DNA fromEscherichia coliJM109 trans-
formants using the ABI-Prism BigDye sequencing kit.

Enzyme Purification and ActiVity Assays. The recombinant
wild-type and mutant luciferase enzymes were each purified,
according to previously described protocols (21), from E.
coli host strain JM109 to>85% homogeneity based on
patterns of SDS-PAGE electrophoresis. Bioluminescence
activities were measured using a calibrated photometer (22)
at 23°C. All reactions were performed in 50 mM Pi buffer
unless otherwise stated. Kinetic parameters involving FMNH2

as a substrate for each of the enzyme species were determined
using the photoreduction assay described previously (6).
Decanal kinetic parameters were determined following a
modified procedure of the standard Cu(I) assay (6, 23). In
each assay, the maximal luminescence intensity was observed
immediately following initiation of the reaction by mixing
of the enzyme and substrates by manual injection with an
airtight syringe. The maximal luminescence intensities (V)
were converted to units of quanta per second (q/s) on the
basis of the calibration where one arbitrary unit equals
5.6 × 108 q/s.

4a-Hydroperoxy-FMN Intermediate II Decay. A slight
excess of sodium hydrosulfite was added to a solution of 50
mM Pi buffer containing 80µM FMN and a desired
luciferase species. Immediately thereafter, the solution was
gently mixed while exposed to the open air. First, the yellow
color of the solution was quickly bleached, indicating the
initial reduction of FMN, both free and luciferase bound.
After a few seconds of mixing, the reducing power of
hydrosulfite was exhausted, and the yellow color reappeared,
indicating that free FMNH2 reacted with oxygen to regenerate
FMN. At the same time, the luciferase-bound FMNH2 also
reacted with oxygen to form the 4a-hydroperoxy-FMN
intermediate II. The solution was then allowed to stand. The
above-described operations were carried out with the sample
solutions kept at either 4 or 23°C. After different incubation
times, 100 µL aliquots were withdrawn, and each was
injected into 1 mL of 50 mM Pi (kept at 23°C) containing
saturating amounts of decanal substrate to initiate the
bioluminescence. The peak luminescence intensity provides
a measure of the amount of active intermediate II present

Scheme 1: Proposed Mechanism for the Bacterial Luciferase Luminescence Reaction
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after a given time of incubation. The decay rate of the
intermediate II species was determined by plotting log(I/I0)
versus time (minutes), whereI0 represents the maximal light
emission at time zero andI represents the maximum emission
intensities obtained after different times of incubation. An
identical set of experiments was conducted with 75µM (final
concentration) dodecanol included in the original luciferase
solution to stabilize the intermediate II species following
reduction by dithionite (24).

Stopped-Flow Spectroscopy. A 50 mM Pi solution contain-
ing 50µM FMN and 10 mM EDTA (solution A) was made
anaerobic by repeated evacuation and equilibration with
argon in an airtight sealed glass tonometer. FMN was reduced
by exposure to long wavelength UV light (λ ) 366 nm).
Reduction of FMN was confirmed by the disappearance of
the FMN absorption spectral characteristics. The FMNH2-
containing solution was withdrawn anaerobically into an
airtight stopped-flow syringe. A separate air-equilibrated 50
mM Pi solution containing 135µM desired luciferase species
(solution B) was also drawn into a different syringe. Stopped-
flow experiments, at 23°C, were each initiated by mixing
150 µL of solution A and an equal volume of solution B.
The absorption spectra of the mixed solution were collected
in the range of 280-510 nm using an Olis USA rapid
scanning monochromator.

Quantification of Aldehyde Consumption. The method
described previously (21) was followed with slight modifi-
cations for the quantification of aldehyde consumptions in
luciferase-catalyzed reactions. A 1 mL buffer solution
containing 50µM FMNH2 [obtained by Cu(I) reduction] was
injected into an equal volume of buffer containing 1µM
decanal and 15µM wild-type luciferase or 25µM mutant
luciferase. After the completion of the bioluminescence
reactions, 20µL aliquots were withdrawn for the determi-
nation of remaining amounts of decanal as described previ-
ously (21).

RESULTS

Mutations of the Unstructured Loop Region. Sequence
analysis reveals that the amino acids corresponding to
residues 257-285 of theV. harVeyi luciferaseR subunit are
highly conserved among all known bacterial luciferase
species (Figure 1). Various mutations were performed in this

region to examine possible functional roles of the loop and
some of its constituent amino acid residues. For the initial
study, the conserved residues at position 261, 275, 278, and
284 were each mutated to a single altered residue to obtain
luciferase variantsRF261D,RG275P,RR278A, andRG284P.
When the recombinant plasmids harboring these four mutated
luciferases were each expressed inE. coli JM109 host cells,
all of the mutants exceptRR278A showed marked decreases
in their in vivo luminescence activity. Hence, theRR278A
luciferase mutant was not subjected to any further investiga-
tion. The RF261D, RG275P, andRG284P mutants plus
additional luciferase variants ofRF261Y,RF261A,RF261S,
RG275F,RG275I, andRG275A generated at a later stage
of the study were each purified for further characterizations.

Kinetic Parameters of Three Loop Mutants. Mutants
RG284P, RG275P, andRF261D were first analyzed to
determine theirVmax and Michaelis constants (Table 1). In
comparison with the wild-type luciferase, the Michaelis
constants for the FMNH2 (KmF) and decanal (KmA) substrates
for all three mutants were significantly but not drastically
increased. TheVmax of RG284P was reduced to 1.8% of the
native enzyme level. Remarkably, 4 and 5 orders of
magnitude of reductions inVmax were observed withRG275P
andRF261D, respectively (Table 1). Comparisons ofVmax/
KmF (Table 1) andVmax/KmA (not shown) reveal the same
general pattern. Such findings clearly indicate that the
structural integrities ofRG284 and, especially,RG275 and
RF261 are highly critical toV. harVeyi luciferase activity.

FIGURE 1: Sequence alignment of unstructured loop regions of bacterial luciferase and related proteins. The top five rows of sequence data
(one-letter code) correspond to bacterial luciferase enzymes from homologous species, and the bottom two rows are from enzymes identified
in nonluminescent bacteria. White letters highlighted in black background are strictly conserved across all species in relation toV. harVeyi.
Residues highlighted against a white background are either conserved in character (black letters) or are not conserved (gray letters).

Table 1: Kinetic Parametersa of V. harVeyi Luciferase Mobile Loop
Mutants

enzyme
KmA

(µM)
KmF

(µM)
relative

Vmax

relative
Vmax/KmF

wild type 1.0 0.3 1.0 1.0
RG284P 3.7 0.6 1.8× 10-2 0.9× 10-2

RG275P 1.8 2.2 4.2× 10-4 5.7× 10-5

RG275F 2.7 41.1 6.6× 10-2 4.8× 10-4

RG275I 0.4 58.4 1.5× 10-1 7.7× 10-4

RG275A 2.2 35.8 2.7× 10-1 2.3× 10-3

RF261D 4.6 7.5 3.7× 10-5 1.5× 10-6

RF261S 0.4 36.9 1.3× 10-3 1.1× 10-5

RF261A 1.7 28.1 1.9× 10-3 2.0× 10-5

RF261Y 1.6 19.2 3.2× 10-2 5.0× 10-4

a KmA and KmF are Michaelis constants for decanal aldehyde and
FMNH2, respectively.
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The latter two luciferase variants were subjected to further
characterizations.

Stability of 4a-Hydroperoxy-FMN Intermediates. As shown
in Scheme 1, intermediate II can either react with the
appropriate aldehyde substrate to promote the light emitting
reaction or decay to yield FMN and H2O2 by a nonradiative
mechanism. The stability of intermediate II of the native
luciferase can be enhanced at lower temperatures or by
forming a complex with a long-chain alcohol, which is a
competitive inhibitor to the aldehyde substrate (24). The
intermediate II decay rates at 23 and 4°C in the absence
and presence of 75µM dodecanol for the native luciferase
were determined again in this work as controls for compari-
sons with those ofRG275P andRF261D (Table 2). Although
in some cases the differences were marginal, generally the
stabilities of the intermediate II species decreased from the
wild-type luciferase toRG275P and then toRF261D under
all conditions examined. It should be noted that>10-fold
stabilizations of intermediate II by complex formation with
dodecanol were observed for intermediate II of wild type,
RG275P, andRF261D at 23°C. At 4 °C, dodecanol provided
a small degree of stabilization of the native luciferase
intermediate II but no stabilization of theRG275P intermedi-
ate II. For RF261D at 4°C, dodecanol even destabilized
intermediate II by about 2-fold.

Stopped-Flow Measurements of FMNH2 Oxidation. FMN
and luciferase intermediate II share an absorption isosbestic
point at 382 nm, and the level of absorption at that
wavelength is approximately twice that of FMNH2 (21).

Moreover, FMN displays a high level of absorption whereas
FMNH2 and intermediate II both absorb very weakly at 445
nm. Therefore, the conversion of FMNH2 to intermediate II
can be characterized by an initial sizable increase in
absorbance at 382 nm with little increase in absorption at
445 nm. Following its formation, the decay of intermediate
II is characterized by an increase in absorbance at 445 nm
with no further change in the level of absorption at 382 nm.
These spectral characteristics were exemplified when wild-
type luciferase was utilized for the catalytic oxidation of
FMNH2 in our previous study (25) and in this work (data
not shown). In contrast, autoxidation of FMNH2 does not
involve any detectable formation of the intermediate II
species (26). Accordingly, the conversion of the reduced to
the fully oxidized flavin by autoxidation is typified by parallel
increases in the levels of absorption at 382 and 445 nm
(Figure 2B). Therefore, comparisons of the time courses of
∆A445 and∆A382 provide a convenient means to investigate
the involvement or lack of intermediate II in FMNH2

oxidation catalyzed by luciferase variants. Such an approach
was employed in a series of stopped-flow experiments to
determine the effects of mutations on the abilities ofRF261D
and RG275P in forming intermediate II. The kinetics of
reduced flavin autoxidation (27) and luciferase-catalyzed
oxidation (28) are both quite complex. The present study
aimed at the detection of intermediate II; detailed kinetic
analyses of reaction steps and rate constants were not
intended.

The intermediacy of II was first examined in a reaction
initiated by mixing an anaerobic solution containing 50µM
FMNH2 with an equal volume of air-saturated solution
containing 135µM RG275P. As shown in Figure 2A, a rapid
and large rise ofA382 was observed immediately after the
onset of the reaction while very little increase ofA445 was
detected. This phase was followed by a large, slower, and
apparently first-order rise ofA445 accompanied by only small
increases inA382. These characteristics are quite similar to
those observed with the native luciferase-catalyzed oxidation

FIGURE 2: Comparison of time courses of FMNH2 oxidation by either autoxidation or enzyme-catalyzed oxidation using luciferase mutants
RF261D orRG275P. In all panels, a solution of 50 mM phosphate buffer (pH 7.0) containing 50µM FMN and 10 mM EDTA (with or
without the desired luciferase species) was made anaerobic by successive rounds of argon evacuation. Using an Olis USA stopped-flow
spectrophotometer, the respective solutions were mixed with an equal volume of air-equilibrated 50 mM phosphate buffer. Monitoring
∆A382 and∆A445 as a function of time assessed FMNH2 oxidation, and the final absorbance readings (Afinal) of the fully oxidized solutions
were used as a reference. Changes in respective absorbance are represented asA - Afinal. (A) FMNH2 oxidation byRG275P monitoring
∆A382 (O) and∆A445 (×). (B) Comparison of rapid FMNH2 autoxidation [∆A382 (0) and∆A445 (4)] versus oxidation byRF261D [∆A382
(O) and∆A445 (×)]. ∆A values in panel B were multiplied by 2.0 (O), 1.59 (0), and 1.716 (×) for direct graphic comparison. (C) Long
time-course oxidation of FMNH2 by RF261D. Symbols used are identical to those described in panel A.

Table 2: Dark Decay Rates of Intermediate II Derived from Native
Enzyme and Luciferase Variants

decay rate (min-1)

enzyme 23°C 4 °C
23 °C +

dodecanol
4 °C +

dodecanol

wild type 3.7 0.08 0.11 0.03
RG275P 4.0 0.12 0.16 0.12
RF261D 7.7 0.14 0.63 0.26

Luciferase Unstructured Loop Required for Catalysis Biochemistry, Vol. 41, No. 6, 20021727



of FMNH2 (25), indicating that intermediate II was indeed
formed during the oxidation of FMNH2 in the presence of
RG275P. On the basis of the patterns of∆A382 and ∆A445

time courses, the initial rapid phase corresponds to the
formation of intermediate II from FMNH2 whereas the
second and slow phase corresponds to primarily the decay
of intermediate II to FMN. In accord with such a conclusion
is that the apparent first-order rate constant of 5.0 min-1

determined from the∆A445 time course in Figure 2A
corresponds reasonably well with the 4.0 min-1 decay rate
of intermediate II determined by activity assay (Table 2). In
our past experience, the yields of intermediate II by the wild-
type luciferase under similar conditions wereg80% (25).
On the basis of the maximal∆A445 and the theoretical initial
level of 25µM FMNH2 immediately after mixing, the results
shown in Figure 2A gave rise to an estimated intermediate
II yield of about 62%.

Similar experiments usingRF261D showed a more
complex pattern of FMNH2 oxidation. The kinetic pattern
of the first 0.9 s after mixing was analyzed in more detail.
As mentioned above, the time courses of∆A445 and∆A382

paralleled each other in the autoxidation of free FMNH2 with
the same apparent first-order rate constant of 3.0 s-1 (Figure
2B). The initial time courses of∆A445 and ∆A382 also
paralleled each other in the oxidation of FMNH2 in the
presence ofRF261D, with respective apparent first-order rate
constants of 3.0 and 3.7 s-1, similar to that of autoxidation
(Figure 2B). These results indicate that the FMNH2 oxidation
in the presence ofRF261D involved autoxidation. The
FMNH2 oxidation time courses were also examined on a
longer time scale similar to that in Figure 2A. Results shown
in Figure 2C revealed not only a large and rapid initial rise
in A382 but also a significant rapid rise inA445 within the
first second, attributable to the autoxidation of FMNH2

described under Figure 2B. Subsequently, a large and slower
rise phase was detected with the∆A445 time course whereas
a much smaller rise of∆A382 was observed during the same
phase. The time course of∆A445 can be fitted as a double
exponential with a minor and fast phase ofk ) 2.7 s-1

attributed to residual FMNH2 autoxidation and a slow major
phase of k ) 2.3 min-1 attributed to intermediate II
formation. On the basis of actual absorbance changes (rather
than normalized values shown in Figure 2), 36% of the total
FMNH2 was estimated to undergo intermediate II formation
with the rest autoxidized. A possibility that cannot be
eliminated is that the autoxidation mentioned above was
actually catalyzed byRF261D in a process that did not
involve intermediate II and fortuitously had a rate constant
similar to that of autoxidation. In any case, it is clear that
RF261D is capable of generating intermediate II but, under
our experimental conditions, with a lower yield than those
of the wild-type luciferase andRG275P.

Aldehyde Consumption. The formation of the exited
emitter in the luciferase bioluminescence reaction is coupled
to the oxidation of aldehyde to acid. Using a sample
containing limiting decanal and excess amounts of both
FMNH2 and wild-type luciferase as a positive control, 16(
3% of the initial amount of decanal was detected unconsumed
after cessation of the luciferase-catalyzed luminescence
reaction. WhenRG275P andRF261D were used in place of
the native luciferase, 82( 9% and 90( 16%, respectively,
of decanal were recovered after the bioluminescence reaction.

Kinetic Parameters of AdditionalRG275 and RF261
Mutants. Additional mutations ofRG275 andRF261 were
carried out for a more thorough investigation of the functional
roles of these two residues. In comparison with the wild-
type luciferase, the fourRG275-mutated and the fourRF261-
mutated luciferase variants showed relatively little changes
in their KmA but significantly wider ranges of increases in
theirKmF (Table 1). Hence, values ofVmax andVmax/KmF, but
not Vmax/KmA, for all mutants are also included in Table 1
for comparison. ForVmax andVmax/KmF of theRG275-mutated
enzymes, 4-5 orders of magnitude of reductions were
detected withRG275P. Gradual but partial recoveries of the
lost activities were detected when theRG275 mutation was
changed from proline to the neutral residues phenylalanine,
isoleucine, and alanine with progressive decreases in the size
of their respective side chain. For theRF261-mutated
enzymes, the mutation of phenylalanine to the anionic
aspartyl residue resulted in the largest degrees of reduction
in Vmax andVmax/KmF to levels about 5 orders of magnitude
lower than those of the wild-type luciferase. Such dramatic
levels of reduction inVmax andVmax/KmF were progressively
but partially reverted whenRF261 was mutated to the
hydrophilic serine, the aliphatic alanine, and the aromatic
tyrosine residue. In terms ofVmax, theRF261Y variant was
only 30-fold lower than that of the wild-type luciferase.

DISCUSSION

Bacterial luciferase belongs to a family of enzymes
described asRâ-barrel enzymes (or TIM barrel enzymes)
first observed in the structure of triose-phosphate isomerase
(TIM) (29). Within this family of enzymes, bacterial lu-
ciferase is in a class with otherRâ-barrel enzymes that bind
FMN, which includes old yellow enzyme (30), glycolate
oxidase (31), flavocytochromeb2 (32), and trimethylamine
dehydrogenase (33). Bacterial luciferase differs from the
aforementioned enzymes in that it does not contain FMN as
a tightly bound cofactor but binds FMNH2 as a substrate.
The structural design of theRâ-barrel is such that eight
repeating sections of theâ-sheet-loop-R-helix motif, each
connected by an intervening loop, fold to form a barrel-
shaped core of parallelâ-sheets confined by a solvent-
exposed cage ofR-helices (34).

TheV. harVeyi luciferaseR subunit contains a long stretch
of loop connecting itsR7a-helix to theâ7a-sheet (8). Within
this long loop, a 29-residue segment fromR258 toR286 is
missing from the primary sequence ofâ, and residuesR272-
288 andR262-290 are respectively not resolved in the 2.4
and 1.5 Å crystal structures of the native enzyme (8, 9). This
feature constitutes a major structural distinction between the
R andâ subunits in all bacterial luciferases. Similar loops
are frequently observed in this or analogous positions in the
family of TIM barrels and have been examined in great detail
(35-38). Previously, Baldwin et al. have hypothesized that
the unstructured loop acts as a shield for catalytic intermedi-
ates (2). The work reported here was initiated to experimen-
tally examine the possible involvement of the unstructured
loop in the catalytic function ofV. harVeyi luciferase and to
determine the identity and function of specific amino acid
residue(s) within this loop that is/are essential to luciferase
catalysis.

Three luciferase variants (namely,RG284P,RG275P, and
RF261D), each with mutation of a different conserved residue
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within theR subunit unstructured loop, were initially purified
for characterizations. All three luciferase variants showed
markedly reducedVmax and Vmax/KmF, ranging from a few
percent to 10-6 of those of the native luciferase (Table 1).
These findings clearly indicate an essential role of the
unstructured loop in the expression of luciferase catalytic
activity and suggest that these three conserved residues may
have specific functional roles in catalysis. In view of the
highly pronounced activity reductions shown byRG275P and
RF261D, additional mutations at these positions were carried
out to more thoroughly probe the functionalities ofRG275
andRF261.

On the basis of Scheme 1 and as rationalized before (25),
the overall quantum yield (Φo) of the luciferase-catalyzed
reaction can be related to a set of yields:

where eachY refers to the yield of a particular intermediate
(indicated by the subscript) on the basis of its immediate
precursor intermediate andΦIV* is the intrinsic emission
quantum yield of the excited intermediate IV*. This relation-
ship will be followed for the analysis of the functional
consequences of mutations ofRG275 andRF261.

On the basis of stopped-flow results (Figure 2), both
RG275P andRF261D were capable of generating intermedi-
ate II with yields estimated to be 62% and 36%, respectively.
While these yields are significantly lower than that of the
native luciferase, the decreases inYII are substantially below
the 4-6 orders of activity reductions shown byRG275P and
RF261D. For the next step of the reaction, intermediate II
either reacts with aldehyde to form intermediate III or
undergoes a competing dark decay to produce FMN and
H2O2. Enhanced dark decay rates of the intermediate II
species derived fromRG275P andRF261D were detected
in comparison with the native enzyme intermediate II at two
different temperatures and in the absence or presence of
dodecanol as a stabilization agent (Table 2). These enhanced
dark decays could reduce the yields of intermediate III (i.e.,
YIII ) but, again, at levels much lower than the overall
reductions ofΦ. The formation of intermediate IV+• and,
in turn, IV* is coupled to the oxidation of the aldehyde
substrate. While quantitative measurements ofYIV+• or YIV*

were not achieved, 82-90% of the initial aldehyde substrate
was found unconsumed byRG275P andRF261D, respec-
tively, in comparison with 16% by the native luciferase.
Taking into consideration the error margins (9-16% for the
two mutants), these findings indicate that the abilities of these
two mutants to oxidize aldehyde are substantially compro-
mised. Again, our results do not allow a direct quantification
of ΦIV* for the two mutants. TheΦIV* of the excited emitter
IV* bound to the native luciferase has been estimated to be
0.18 (39), which is 4 orders of magnitude higher than the
fluorescence quantum yield of a free 4a-hydroxyflavin model
(40). Clearly, the nature of IV* binding to luciferase is highly
critical to the expression ofΦIV* . Conceivably, mutations
of either of the conserved and essentialRG275 andRF261
could change the microenvironment of the emitter binding
site, thus resulting in markedly reducedΦIV* . In view of
the above discussions, it is most likely that the drastically
reduced bioluminescence activities ofRG275P andRF261D

are compound consequences of the mutational effects on
YII , YIII , YIV+•, YIV* , and ΦIV* , with the latter three factors
potentially contributing much more than the former two
factors to the markedly reducedΦ.

The RG275 residue is at the center of the unstructured
loop region of theV. harVeyi luciferaseR subunit. A similar
loop structure has been observed in TIM, and the motion of
loop transition has been characterized (37). It is not known
for certainty whether such type of loop movement observed
in TIM and other enzymes (41, 42) applies the luciferase
unstructured loop. However, the high sensitivity of this loop
to proteolysis can be greatly reduced by binding of phosphate
(43, 44) and by reacting luciferase with the FMNH2 and O2

substrates with the protecting effect lasting beyond the
removal of the bound flavin (13). On the basis of these data,
Baldwin et al. (2) have suggested multiple conformations
of the unstructured loop. Our results not only support such
a conjecture but also indicate an essential functionality of
the structural flexibility of the loop region. When the highly
flexible RG275 is mutated to the rigid proline, the luciferase
activity was reduced remarkably by 4-5 orders of magnitude
in terms of Vmax and Vmax/KmF. The lost activities were
progressively but partially recovered whenRG275 was
mutated to phenylalanine, isoleucine, and alanine with
increasing degrees of freedom for torsional flexibility. The
exact functional role of the proposed loop mobility in
luciferase bioluminescence catalytic activity cannot be
deduced from the present results. However, we entertain the
possibility that the loop may serve as a gating mechanism.
At some point after the binding of the substrates, the loop
could conceivably change from an initial open conformation
to a closed conformation to reduce or prevent accessibility
of the active site to the aqueous medium. Model studies have
revealed that the dark decay of 4a-hydroperoxyflavin com-
pounds can be effectively retarded in a more hydrophobic
environment (45). The binding of hydrophobic long-chain
alcohols to the native luciferase markedly stabilize inter-
mediate II (24). Hence, a closed conformation of the loop
is likely to enhance the formation of intermediate III from
intermediate II and aldehyde by reducing the dark decay of
intermediate II and may possibly even lead to betterYIV+•

and/orYIV* . Moreover, considering the remarkable reduction
of the 0.18ΦIV* of the luciferase-bound emitter (39) to a
level of 10-5 for the fluorescence quantum yield of free 4a-
hydroxyflavin (40), a minimization of solvent accessibility
of the active site achievable by the closed conformation of
the loop may be critical in ensuring a high quantum yield of
the luciferase emitter. The essentiality of the flexibleRG275
and, to a lesser degree,RG284 in the loop is certainly
consistent with such an interpretation.

A comparison of the properties ofRF261D, RF261S,
RF261A, andRF261Y indicates that the essentiality ofRF261
is associated with the high hydrophobicity and the bulkiness
of the phenyl side chain of this residue. A correlation was
observed between the decreasing size and hydrophobicity
of the side chain atR261 and the diminution of observed
Vmax and Vmax/KmF. Compared to the native enzyme, the
mutantRF261Y was only slightly affected by the addition
of the p-hydroxyl group on the phenyl group of the side
chain. Further decreases inVmax andVmax/KmF were observed
in the order ofRF261A, RF261S, andRF261D when the
phenyl group was replaced by respectively a hydrophobic

Φo ) YIIYIIIYIV+•YIV* ΦIV* (1)
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but smaller methyl, a hydrophilic hydroxymethyl, and an
anionic alkyl carboxylate group.

The high-resolution crystal structure of the native enzyme
(9) reveals (Figure 3) that theRF261 side chain is ap-
proximately 4 Å from the phenyl ring ofRF46 and protrudes
toward the interior of the enzyme near the essential residues
RH44 andRH45. Both residues are part of the hypothesized
luciferase active site (8), with RH45 being essential to the
formation of intermediate II (7, 25) andRH44 functioning
as a catalytic base required for step(s) after intermediate II
formation (7, 25). In addition, RF261 packs well with
residuesRI260, RV116, andRF117 to form a tight, hydro-
phobic barrier that could serve as a shield protecting the
hypothesized active site against exposure to the solvent. As
mentioned above, a hydrophobic environment of the lu-
ciferase active site during catalysis may contribute to reduced
dark decay of intermediate II, enhanced yield of intermediate
III, and a likely significant enhancement of the emitterΦIV* .
Hence,RF261 may function in any one or any combination
of these processes in luciferase catalysis. The mutation of
RF261 to an aspartyl residue indeed showed, in addition to
a decreased yield of intermediate II, enhanced nonproductive
dark decay of intermediate II at two temperatures with or
without the presence of dodecanol (Table 2) and decreased
oxidation consumption of aldehyde substrate.

In this paper we report that components of the unstructured
loop, and the loop as a whole, are intimately involved in the
luciferase bioluminescence catalytic activity. Analysis of
mutants of RF263 andRG275 indicates that these two
conserved residues are involved in different aspects of the
catalytic cycle.
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