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ABSTRACT: Vibrio harveyiluciferase is amS heterodimer containing a single active site, proposed earlier

to be at a cleft in thex 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 PhéAla mutants,aF46,aF49,aF114,
andaF117 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 natoafet6foF49,

oF114, andaF117 was important to luciferadénax and Vimad/Km, which were reduced by-35 orders of
magnitude for the Phe> Asp mutants. BotliF46 andaF117 also appeared to be involved in the binding

of reduced flavin substrate. Additional studies on the stability and yield of the 4a-hydroperoxyflavin
intermediate |l and measurements of decanal substrate oxidatwR48D,aF49D,aF114D, anchF117D
revealed that their marked reductions in the overall quantum yge)duere a consequence of diminished
yields of luciferase intermediates and, with the exceptiomB114D, 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 Bacterial luciferase is a heterodimer having molecular
luciferase, a flavin-dependent monooxygenase, reducedmasses of 40 and 37 kDa for the and S subunits,
riboflavin 5-phosphate (FMNB)* and a long-chain aliphatic ~ respectively 8). The crystal structure of theibrio harveyi
aldehyde are oxidized by molecular oxygen to produce FMN, luciferase has been solved at the resolutions of 2.4 and 1.5
H.0, aliphatic carboxylic acid, and visible light with an A in the absence of any bound substrate or specific inhibitor
overall quantum yieldg-) of about 0.12. It is intriguing that (4, 5). Hence, the exact location and atomic structure of the
bacterial luciferase is unique among all known flavin- luciferase active site have thus far not been directly
dependent monooxygenases in catalyzing a light-emitting determined. Thex and 5 chains display 32% sequence
reaction. The proposed minimal mechanism of the luciferase identity, both assume &/a)s barrel structure, and the
bioluminescence reaction is depicted in Schemk, P)( The carbon main chain of these two subunits are nearly super-
luciferase-bound N1-deprotonated FMNKintermediate |) imposable 4). Yet, interestingly, there is only one binding
reacts with molecular oxygen to generate a 4a-hydroperoxy site for each of the FMNK(6) and aliphatic aldehyder)
FMNH intermediate (HF-4a-OOH or II), which either substratesV. hareyi luciferase also has a weak aldehyde
undergoes a dark decay to produce FMN an®Hn the inhibitor site, which is independent from the aldehyde
absence of aldehyde or reacts with aldehyde to form 4a-substrate site but overlaps with the FMNBite. Contrary
peroxyhemiacetatlFMNH (HF-4a-OOCH(OH)R or lII). to the rapid equilibrium binding of the aldehyde and FMNH
Intermediate Il undergoes a still poorly understood reaction substrates, the binding and release of aldehyde by this
to generate carboxylic acid and an excited-state species 4ainhibitor site are both much slower)( Therefore, inhibition
hydroxy—FMNH* (HF-4a-OH* or IV*). The relaxation of is observed only when a high level of aldehyde is added to
IV* to the ground state is accompanied by light emission. luciferase prior to FMNH
Finally, the decay of the ground-state IV produces FMN and |, jiey of an atomic structure, a pocket near the C-terminal

water and regenerates the free luciferase. end of thes barrel in thea. subunit ofV. hareyi luciferase
has been proposed to be the general location of the active
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luciferase emitterko, the rate constant for the dark decay of intermediate the phosphate in FMNH(4), and a later mutagenesis study
Il in the absence of aldehyde. (8) provides experiment support for this interpretatiorcig
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peptide linkage was found betweaA74 andaA75 border- luciferase active site is essential to a higlp- and, hence,

ing this pocket §). The existence of the rare nonprobjik the overallg-. The present study was carried out to further
bond is generally considered as suggestive evidence for itstest this working hypothesis by identifying additional con-
involvement in ligand binding or catalysis. A computational served hydrophobic residues in the proposed active site
model of the active site is consistent with and further supports pocket and examine the mutational effects of selected
the proposed general location of the active s#e On the residues on the bioluminescence activities and intermediate
basis of this computationally modeled active site, mutations yields of the mutant luciferases. The results allowed us to
of selected residues were found to affect luciferase activity further establish the importance of the hydrophobicity of
or the color of the bioluminescencéq, 11). luciferase active site to the luminescence activity, identify

A key structural difference between theand8 subunits additional critical phenylalanyl residues, and better define
is a 29-residue loop from258 toa.286 that does not exist  the boundary of the luciferase active site.
in the § subunit. This loop is structurally disordered; the
segments ofi272—a288 andn262—0.290 are, respectively,
not resolved in the 2.4 and 1.5 A crystal structures of  Materials Site directed mutagenesis kit and competent
luciferase 4, 5). This mobile loop is located right next to  cells Escherichia coliJM101 were from Strategene. Oligo-
the opening of the proposed active site pocket and has beemuycleotide primers were products of MWG Biotech. FMN,
postulated to be important to the gating of the active site dodecanol, decanal, and sodium hydrosulfite were purchased
by, while in a closed configuration, shielding the intermedi- from Sigma. DEAE-cellulose DE52 and DEAE-sepharose
ates during the catalysiS) This postulate is supported by were from Whatman and Pharmacia, respectively. Wizard
site-directed mutagenesis studies carried out in our laboratory,SV Plus Miniprep kits and dithiothreitol were from Promega.
which show that the torsional flexibility of theG275 and Al decanal solutions were prepared in absolute ethanol. The
the hydrophobic and bulky nature of to&261 within this 50 mM standard phosphate (Pi) buffer was at pH 7.0 with
loop are both essential to the luciferase light-emitting activity molar fraction of 0.39 for sodium monobase and 0.61 for

EXPERIMENTAL PROCEDURES

(12).

The above-mentioned mutational study shows thaVthe
(i.e., the maximal bioluminescence intensity) of luciferase
can be reduced about 5 orders of magnitude bydr261D
mutation. In comparison with the mutational effects on the

potassium dibase in deionized water.

Luciferase MutantsV. harveyi [uxAB genes encoding
luciferase a5 heterodimer were harbored in the pUC19
vector. Stratagene Quickchange Site-Directed Mutagenesis
kit was used to perform mutation InxA. The codon TTC

yields of various intermediates, one major cause for the muchof oF46 was modified to GCC, GAC, TCC, and TAC for

reduced luciferase activity is the drastically diminished
emission quantum vyield of the excited emitter V)
when the hydrophobiexF261 is replaced by the anionic
aspartyl residuel). Recently, we found that the fluores-
cence quantum yield of 5-decyl-4a,5-dihydroriboflavia-5

alanine ((F46A), aspartateoF46D,), serine ¢F46S), and
tyrosine (F46Y). The codon TTT foiF49, aF114, and
oF117 was modified to GCT, GAT, TCT, and TAT for
alanine @F49A, aF114A, aF117A), aspartate afF49D,
oF114D, andxF117D), serinedF49S,aF114S, andF117S),

phosphate, a model for the luciferase emitter IV*, is increased and tyrosine ¢F49Y, aF114Y, andaF117Y). Protocols

3 orders of magnitude by binding to luciferase active site
(13). These findings indicate the hydrophobicity of the

along with the kit were followed to obtain mutants. Those
PCR-based mutageneses were confirmed by sequencing by
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the Lone Star Lab. Each mutant was then transformed into upon the completion of the reaction. Kinetics and absorbance
E. coli IM101 competent cells according to the protocol changes during the autoxidation of FMMkere similarly

included in the kit from Stratagene. determined by mixing the FMNHsolution with an air-
Luciferase Purification and Actity Assays Each lu- saturated phosphate buffer without luciferase.

ciferase variant was overexpressed at°€7for 16~20 h Aldehyde Consumptior decanal standard curve based

till the ODgoo reached at least 4 and purified, according to on light intensities obtained in luciferase assays at different

the protocol previously described4), from host strairE. decanal concentrations was first constructed as described

coli JM101 to =85% homogeneity based on patterns of pefore (4). A 1-mL 50 mM Pi buffer solution containing a
sodium dodecyl sulfatepolyacrylamide gel electrophoresis. specified level of FMNH (prepared by the Cul reduction

The luciferase activity was determined in 50 mM standard method) was injected into an equal volume of buffer
Pi buffer (pH 7.0) at 23C using a calibrated photometer  containing 1zM decanal and 2M wild-type or mutant
with FMN reduced by dithionite or Cul as previously |yciferase. After the completion of the bioluminescence
described 7, 19. After the onset of the reaction, the reaction, 2QuL aliquots of the sample were withdrawn and
autoxidation of excess free FMNHs much faster than the used as a|dehyde sources for the determination of the
luciferase-catalyzed oxidation of the bound FMNHence,  amounts of remaining decanal. Control sample was prepared
the luciferase light emission time course in activity assay is similarly but with the Cu-I-reduced FMNH completely

that from a single-turnover reaction. The bioluminescence reoxidized before injection to the luciferase/decanal solution.
quickly reached a peak within a second and then decayed

exponentially. The activity () of luciferase was directly = RESULTS
determined as the peak intensity of the bioluminescence in
g/s. Michaelis constants for decanki) and FMNH: (Kmp) Site-Directed Mutagenesi$o investigate the relationship
and Vinax Were determined from double-reciprocal plots of between luciferase active site hydrophobicity and biolumi-
results obtained from substrate titration experiments. For Nescence activity, a number of phenylalanyl residues were
comparisons 0¥/ma, Of various species of luciferases, enzyme targeted for mutation on the basis of two criteria, namely,
concentrations were normalized to eliminate differences in presence at or within the boundary of the proposed active
enzyme sample purity. pocket and conservation in primary sequences of luciferases
Stability of 4a-HydroperoxyFMNH Intermediate |l from V. harveyi, Kryptophanaron alfredi, Vibrio fischeri,
Intermediate Il was formed by the addition of a slight excess Photobacterium phosphoreum, Photobacterium. leiognathi,
amount of sodium dithionite to a 50 mM Pi buffer containing and Xenohabdus luminesce3). Six phenylalanyl residues
50 uM FMN and a desired species of luciferase followed (namelyaF6, aF46,0F49,0F114,aF117, andF327) were
by gentle mixing under aerobic conditions. The initial SO identified, and each was first mutated to alanine. Plasmids
bleaching of the yellow sample color indicated the reduction harboring these mutated luciferase genes were transformed
of FMN. After mixing for seconds, the solution changed from into E. coli JM101 host cells. Markedly reduced in vivo
clear back to yellow, indicating the exhaustion of dithionite bioluminescence (triggered by the addition of decanal) was
and the re-formation of FMN from free FMNZH By this observed with cells expressing th§46A,(lF49A0.F114A,
time, the luciferase-bound FMN#Hilso underwent oxidation ~ andaF117A mutants, but little changes in bioluminescence
to become intermediate I1. After different times of incubation Were observed with the other two mutants. Therefore, for
at 23 or 4°C, 100uL aliquots were withdrawn for activity ~ subsequent studies, the residwd46, aF49 aF114, and
assays at 23C. A parallel experiment was performed with @F117 were each mutated to three additional types of
75 uM dodecanol included in the luciferas€MN solution ~ residues (i.e., Asp, Ser, and Tyr), and all luciferase variants
to stabilize the intermediate 116). The rate constant for ~ derived from these mutations were purified and subjected
the dark decay of intermediate kg) was determined by a  to detailed characterizations.
semilogarithmic plot ofl/I- versus time in whicH- and | General Kinetics Properties of Luciferase Varianihe
are, respectively, the bioluminescence activities detected atgeneral kinetic properties of all 16 luciferase mutants and
time zero when the intermediate Il was first formed and after that of the wild-type luciferase were determined and sum-
a given period of time of standing after the Il formation.  marized in Table 1. In comparison with the wild-type
Stopped-Flow Spectrophotometd 50 mM Pi solution luciferase, no significant change in the Michaelis constant
containing 5quM FMN (or 200uM FMN for the aF117D- for decanal Kyna) was detected fanF46A, whereas all other
catalyzed reaction) and 10 mM EDTA was made anaerobic luciferase variants showed significantly but not drastically
by repeated evacuation and equilibration with nitrogen in increased values up to a 6-fold increase é¥49Y. The
an airtight flask. FMN was reduced by long wavelength UV, effects of mutations on th&,r were more variable. In
and the bleached FMNkHsolution was then withdrawn into  comparison with the native luciferase, relatively little changes
an airtight stopped-flow syringe. A separate 139 lu- in Knr values were observed for the four types of mutation
ciferase solution was prepared in an air-saturated 50 mM Piof residueaF49 oraF114. ForaF46 andaF117, mutational
buffer in another syringe. The luciferase-catalyzed oxidation effects on the&K values ranged from marked increases for
of FMNH, was initiated by mixing 12@L of solution from the mutation to the anionic Asp (i.e., 247- and 87-fold
each syringe by using an Olis RSM 1000 stopped-flow increases foraF46D andoF117D, respectively) to less
spectrophotometer at 2&. The absorbance changes at 382 pronounced increases for their neutral Ser and Ala mutations,
and 445 nm over time were collected after the mixing and to a slight reduction in value for the mutation to the
were normalized adA/AA,, where AA and AA, are the hydrophobic Tyr. The/max values for all luciferase variants
increases of absorbance from time zero immediately after were significantly reduced. For eachaf46,0F49,0F114,
mixing to, respectively, a given time after the mixing and andaF117, the most pronounced (ranging from 3 to 5 orders
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Table 1: General Kinetic Propertifesf Wild-Type Luciferase and mediate Il dark decaykp) in the absence of aldehyde

Variants substrate were determined at 23 andC in the absence
Ko Konr relative relative and presence of 7V dodecanol as a stabilizing ageaty.

enzyme (uM) (M) Vinax Vinaod Kine At 23 °C in the absence of dodecanaelF46D, aF49D,
wild-type 16 06 1 1 aF114D, andoF117D produced slightly more labile inter-
aF46D 3.2 148 3.6¢ 1073 8.0x 104 mediate Il species, having £3.5-fold increasedp values
aEigi 123(? lg.g gg igz i.ézlx ig; in comparison with that of the wild-type luciferase. The
§F46Y i 03 15 10t 2:9§ 1ot modest effects of the Phe Asp mutations on intermediate
oF49D 30 13 32105 16x 105 Il dark decay rate suggest that these four Phe residues are
aF49S 3.3 0.7 3.4 104 3.3x 104 primarily involved in maintaining a hydrophobic active site
aF49A 3.0 2.7 2.3 10-4 5.4x10° environment rather than directly shielding the flavin C-4a
o, 9% 00 2% igz 28 1% site of the intermediate Il. The presence of dodecanol
oF114S 8.3 02  6.%10°2 27% 101 stabilized all intermediate Il species from the wild-type
oF114A 9.3 0.3 7.8< 1072 1.6x 10! enzyme and the four luciferase mutants, with Il frair46D
aF114Y 2.7 0.3 2.5¢10" 55x 107 andaF117D being 2-3-fold more stable than the wild-type
aF117D 81 52 8.2<10°* 1.0x 10 Il. Lowering the temperature to 4C in the absence of
aF117S 2.4 1.3 2.6¢1072 1.4x 102 - ; ) i
aF117A 30 15 27 102 1.2 % 10°2 dodecanol stabilized all intermediate Il species but to
aF117Y 5.1 0.3 4.3< 101 9.9x 101 different degrees, witlkp values of the four mutant inter-
2 Kma and Kor are Michaelis constants for decanal and FMNH ~ Mediate |l species ranging from 2-fold smaller to 2-fold

respectively. larger than that of the wild-type II. At 4C, dodecanol had

greater stabilizing effects on the mutant intermediate Il

of magnitude) reductions were always associated with thefSpeC'eS.' giving rise to more stable |nter_med|ate II'for the
Phe— Asp mutation, the least activity decreases were always our luciferase mutants than that of the wild-type luciferase.
for the Phe— Tyr mutation, and intermediate effects were ~ Stopped-Flow Measurement of Luciferase-Catalyzed FM-
observed for the mutations to Ser and Ala. Since mutations NHz Oxidation.The FMNH, oxidation catalyzed by various
gave rise to more variablr than Ky values, only the  luciferase species was examined by stopped-flow spectros
Vima!Kme Values are shown in Table 1 for all the mutants for copy in order to determine the effects of luciferase mutations
comparisons with that of the wild-type luciferase. Qualita- on the yields of intermediate II. In comparison with FMiH
tively similar to the mutational effects OWinay, the oF46, FMN has markedly increased absorption in the range of
aF49, aF114, andaF117 showed the most pronounced 360-510 nm. When FMNH is oxidized to FMN without
reductions iVma/Kmr for the Phe— Asp mutation, the least  involving the intermediate Il, the absorbance increases
activity decreases for the Phe Tyr mutation, and inter-  monitored at any chosen wavelength from 360 to 510 nm
mediate decreases for mutations to Ser and Ala. would follow the same time course. An example of such a
While the wild-type luciferase and th@F46D, oF49D, process is the autoxidation of FMNHfor which the time
and aF117D variants all showed single-exponential light course of normalized absorbance increage¥AA..) at 382
decays in the single-turnover bioluminescence reaction (with nm was indeed identical to that at 445 nm as shown in Figure
respectivek at 13.1, 5.6, 0.8, and 14.0 mi), aF114D 1A. In contrast, the luciferase-catalyzed oxidation of bound
exhibited a double-exponential decay time couksafidk, FMNH; involves first a rapid formation of intermediate Il
at 30 and 0.4 mint, respectively). and then a slow decay of Il to FMNLG, 1§. Moreover,
Quantum Yield and Intermediate Il Dark Dec&ince the this overall process is characterized by different time courses
four Phe — Asp mutants showed the most pronounced of absorbance changes at 338 and 445 nm. The absorption
reductions inVpax and Vimad/Kimr, they were selected for all  spectrum of intermediate Il is distinct from that of FMNH
subsequent characterizations with results summarized inand FMN and is characterized by a peak at 372 nm.
Table 2. The overall quantum yieldg-) of the native and  Moreover, intermediate Il shares with FMN an isosbestic
mutated luciferases were determined by measuring their totalpoint at 382 nm with an extinction coefficient twice of that
guantum outputs over the complete time course of emission.for the bound FMNH (18). Therefore, the formation of Il
All four Phe— Asp luciferase variants were associated with from FMNH; is coupled to a rapid and marked increase of
much reduce@-, about 2-4 orders of magnitude lower than  Agzs, but no further change irsss is associated with the
that of the wild-type enzyme. The rate constants of inter- decay of Il to FMN. At 445 nm, intermediate Il has a slightly

Table 2: Comparison of Wild-Type with Mutant Luciferases with Respect to Quantum Yield, Intermediate Il Dark Decay, Yield of
Intermediate 1, and Aldehyde Consumption

ko (min”*) at 23°C ko * (min™") at 4°C yield of I1° decanal
enzyme Pelpo—wr — dodecanol + dodecanol — dodecanol + dodecanol (%) oxidatiorf (%)
wild-type 1 2.1 0.12 0.08 0.015 92 841
oF46D 8.4x 1072 3.3 0.04 0.10 0.005 30 302
oF49D 5.2x 1074 3.0 0.61 0.04 0.006 45 62
oF114D 5.1x 1072 7.2 0.22 0.13 0.001 39 148
aF117D 7.7x 107 6.7 0.05 0.15 0.006 <3 6+2

a Apparent first-order rate constant for the dark decay of intermediate Il in the absence of aldeBgsed on stopped-flow data obtained at 23
°C as shown in Figure 1. The usual errors wei2—3%. ¢ Determined at 23C in triplets.
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1.2 Ayss when the maximal increase 8§s, was achieved with
the maximal increase ofuss upon the completion of the
1.0 o . L
oxidation reaction allows the determination of the percentage
<§ 0.8- yield of intermediate Il. On the basis of results shown in
< Figure 1B, 92% vyield of 1l was detected for the wild-type
% 061 / luciferase (Table 2). Figure 1C shows the results for the
04 § oF49D-catalyzed oxidation of FMNH A fast increase in
Ass, was observed for the first 0.2 s. During this initial 0.2
0.2 A: Autoxidation s, a partial but sizable increase Aa4s was also detected.
0.0-4 ; ; ; : , Subsequently, no further changesiis, were observed, but
0.0 0.2 0.4 0.6 0.8 1.0 the Aqss continued with a slow increase until completion of
Time (s) the reaction. The yield of Il in theF49D-catalyzed oxidation
1.2- of FMNH, was similarly calculated to be 45% (Table 2).
) TheaF46D-,0F114D-, andiF117D-catalyzed oxidation of
1.0 @W FMNH, were similarly monitored by stopped-flow spectros-
g 08J€ copy (results not shown), allowing the determination of 30,
< 39, and<3% as their respective yields of Il (Table 2).

5 0.6 Aldehyde Consumptioiihe monooxygenation of aldehyde
< to the corresponding carboxylic acid is coupled to the
0.4 formation of the light emitting intermediate IV* in the
0.2- luciferase-catalyzed bioluminescence reactid®).( The
o0 B: Wild Type capabilities of the four Phe~ Asp luciferase variants to

- 11t y T y T J convert aldehyde to carboxylic acid were examined and
0.0 0102 03 20 40 60 80 100 compared with that of the wild-type luciferase (Table 2).
Time (s) Using a limited amount of decanal (0:8M) and excess
1.2+ luciferase (1Q«M) and FMNH; (25uM), about 844 1% of
1.0- decanal was consumed by the wild-type luciferase. The
’ abilities to oxidize decanal by luciferase variants were
<§ 0.8 similarly determined using FMNHat 25 uM for aF49D
< andoF114D, 60uM for aF117D, and 17%M for aF46D
% 0672 due to differences in thelr values. All luciferase mutants
0.4- § showed decreased abilities to oxidize aldehyde, ranging from
S 30 + 2 and 144+ 8% decanal oxidation byF46D and
0.2 C: oF49D oF114D, respectively, to a low level of 6 2% for aF49D
0.0+——1 —— , : : , andoF117D (Table 2).
00 02 04 20 40 60 80 100
DISCUSSION

Time (s) . _ .
Ficure 1: Comparison of time course of FMNHutoxidation and A consgrvedaFZGl is located '.n a moblle_ Ioop next to
the oxidations catalyzed by wild-type luciferase axé49D. An the opening of the proposed luciferase active site pocket.
anaerobic 50 mM phosphate buffer, pH 7.0, containingus0 Our site-directed mutagenesis study of this residue demon-
FMNH; and 10 mM EDTA was mixed with an equal volume of strated that the hydrophobic nature @261 is critical to
an air-saturated 50 mM phosphate buffer, pH 7.0, containing no the hioluminescence activity of luciferasel?. We also

luciferase (A), 13uM of the wild-type luciferase (B), oetF49D ; : ;
(C) by using an Olis stopped-flow spectrophotometer. The oxidation recently reported that the microenvironment of luciferase

of FMNH, was followed by monitoring the changesAmgs, (open active site is suitable fqr a marked enhancement of the
circles) andAAus (solid line). For direct graphic comparisons of ~ fluorescence quantum yield of 5-decyl-4a-hydroxy-4a,5-
the time courses akAgg, with that of AAyss, all absorbance changes  dihydroFMN (a model for the proposed luciferase excited
at a given wavelength were expressed as fractions of the maximalgmitter IV* shown in Scheme 1) to a level of 50% of the

change at the same wavelength/e&/AA,, where AA and AA., .
are the increases in absorbance from time zero to, respectively, aoverall quantum yieldp- (13). These reports suggest that

given time after the mixing and the completion of the reaction. the hydrophobicity of the luciferase active site is an important
determinant for the bioluminescence efficiency of luciferase.

higher absorbance than FMNIdnd both are much weaker  This work was initiated to first test such a working hypothesis
in absorption than FMN. Hence, the conversion of FMNH by the identification of additional essential phenylalanine
to Il is typified by a rapid but small increase 8f;45 with residues near the proposed active site pocket and the
the subsequent decay of Il to FMN associated with a slow characterization of the effects of the mutation of these
but sizable increase @45 As a positive control, the wild-  residues to probe their potential functional roles. Second,
type luciferase-catalyzed oxidation of FMMiWas monitored  since the atomic structure of luciferase active site has not
by stopped-flow spectroscopy and results are shown in Figurebeen determined, this work was carried out to further map
1B. The formation of Il was indicated by a fast riseAgs the luciferase active site by mutations of strategically selected
with little increases o5 within the initial 0.1 s. After the residues. To these ends, six conserved phenylalanine residues
first 0.1 s, no further increases 8§s, were detected but a  near the proposed active site pocket (nameh6, aF46,
large and slow increase @5 was observed for the decay «aF49,aF114,aF117, andaF327) were first each mutated

of Il to FMN. A comparison of the observed increase of to an alanine. The initial screening of the in vivo biolumi-
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nescence of cells harboring these mutated luciferase genegields. The vyield of Il is determined by a competition
allowed us to focus onF46,aF49,0F114, andxF117 for between the dark decay of lk{) with the rate of Il
additional mutations and detailed characterizations of the formation from Il and aldehyde. While the latter rate was
mutated luciferases. not determined, thép values foraF46D were <3-fold

In addition to the mutation to an AlaF46,aF49,aF114, different from that of the wild-type luciferase at 23 of@
and oF117 were also each mutated to Asp, Ser, and Tyr. in the absence or presence of dodecanol as a stabilizing agent.
From the results shown in Table 1, no marked changes inThese results suggest that the yield of Il 46D was
Kma Were detected for any of these 16 luciferase variants unlikely to be drastically lower than that of the wild-type
and very little changes ik resulted from the four  enzyme. Moreover, the formation of the excited emitter IV*
mutations oftF49 oraF114. However, foolF46 andaF117, is coupled to the oxidation of aldehyde substrate to carboxylic
marked increases ik were found for mutation to the acid (@9). Therefore, the percentage oxidation of decanal
anionic Asp. Such an adverse effectidp- was substantially ~ using excess luciferase and FMlH.e., 30+ 2% in this
lessened by mutations to the neutral Ser and Ala and evencase ollF46D) provides an estimate of the combinggy)y
slightly overcompensated by mutation to the hydrophobic term in eq 1. TheY; at =30% together with the measured
Tyr. These findings suggest that the hydrophobic nature of ¢/ ¢-—wr at 8.4x 1072 and decanal oxidatior(Y;; Yyy+) at
oF46 andaF117 contributes to the binding of the FMNH  30% allowed an estimate of thgg of aF46D to be about
substrate. 1 order of magnitude lower than that of the wild-type

When the hydrophobic Phe was mutated to an anionic Asp, luciferase. Therefore, the 3 orders of magnitude reduction
aF46D, aF49D, aF114D, andoF117D showed markedly in ¢- for aF46D was a result of the mutational effects on all
reducedVmax and Vma/Kmr, ranging from 3 to 5 orders of  three parameters &, Y Y+, andey-. By similar analyses
magnitude lower than those of the native luciferase. Impor- of results shown in Table 2, the approximatgg value of
tantly, progressive and substantial recoveries/gfx and oF114D was found resembling that of the native luciferase,
Vimad!Kme Were achieved when the anionic Asp was replaced whereas those afiF117D andaF49D were reduced by 1
by the neutral Ser or Ala and, further, by the hydrophobic and 2 orders of magnitude, respectively. Therefofe49D
Tyr for mutation. It should be noted that the replacement of and aF117D were similar taxF46D in that their marked
Asp by Tyr for mutation resulted in all cases in enhancements reducedg- values were consequences of compromiggd
Of Viax and Vimad!Kne by 2—3 orders of magnitude. These Yy Y+, and¢y+. The aF114D was an apparent exception
results clearly indicate that the hydrophobicity of the from the first group. Among the four Phe Asp mutants,
conserveduF46, aF49, aF114, andoF117 was critical to oF114D had the least pronounced (i.e., at 20-fold) reduction
the expression of the luciferase activity. in ¢-, which can be essentially accounted for by decreased

While Vnax is the maximal rate of quantum production yield of Y, and decanal oxidation without having to resort
(in g/s) of luciferase (measured as the maximal peak intensityto significant changes in itgy-. As already mentioned,
of bioluminescence at saturating substrates), the overallaF114D also differed from the wild-type luciferase and
quantum yield ¢-) of the luminescence reaction is based on aF46D,aF49D, andaF117D variants in exhibiting a double-
the total quantum output. On the basis of Schemg tan exponential decay time course in the nonturnover biolumi-

be expressed by the following relationship: nescence reaction. The molecular basis for such a change of
light decay kinetics remains unclear. This uncertainty,
@ =Y, Y Yy Oy (1) however, does not directly impact on conclusions made in

this or our earlier reports.

where eaclY is the yield of an intermediate (defined by the Although with differences in details, the hydrophobic
subscript) andp+ is the emission quantum yield of the nature ofoF46,tF49,aF114, andF117 was shown to be
excited emitter IV*. Reductions in luciferasg can be a critical to the bioluminescence activity of luciferase through
consequence of diminished values of any one or any their essentialities t&, Y Y+ and, with the exception of
combination of the factors indicated in eq 1. To further aF114D, ¢\~. These findings are quite consistent with
identify the causes for the drastically reduced abilities to emit literature information. As has been revealed from flavin
light, the Phe— Asp mutants oixF46, aF49, aF114, and models, the dark decay of intermediate Il can be effectively
aF117 were subjected to additional characterizations with retarded in a more hydrophobic environme2@)( Also, the
respect to yields of luciferase intermediates and. binding of hydrophobic long-chain alcohols to luciferase

The major factor(s) that led to the drastically diminished remarkably enhanced the stability of intermediate1lf)(
¢- of the four mutants shown in Table 2 can be apparently Therefore, a hydrophobic microenvironment of the luciferase
grouped into two types. The first group consisté#6D, active site may contribute to reduced dark decay of inter-
oF49D, andxF117D for which their much reducesd values mediate I, enhanced yield of intermediate 11, and, possibly,
were a consequence of diminishéd Y, Y+, andgy«. The a better yield of IV* by enhanced aldehyde binding. We have
yields of intermediate Il by the native and mutated luciferases recently shown that the fluorescence quantum yield of a IV*
can be determined from the stopped-flow experiments (Figuremodel compound 5-decyl-4a,5-dihydroriboflavirghos-
1). A 30% yield of intermediate 1l was determined from phate can be enhanced by at least 3 orders of magnitude by
stopped-flow data fontF46D using 25«M FMNH, (after binding to luciferase13). On the basis of previous studies
mixing), which is significantly lower than th&,r. Under of the medium hydrophobicity on fluorescence intensities
optimal conditions, the yield of Il bgF46D from luciferase-  of various flavins 21, 22, such a marked fluorescence
bound FMNH should be>30%. The yields of intermediate  enhancement of 5-decyl-4a,5-dihydroriboflavirghosphate
Il and IV* were not individually determined in this work. by luciferase binding is, at least in part, a consequence of
However, our available results provide estimates of thesethe hydrophobic environment of the luciferase active site.
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TRP 250

ILE 260

PHE 46

ArlSez! PHE 114

VAL 116% . . . PHE117

Ficure 2: Contributions ofaF46, aF49, aF114, andoF117 to a hydrophobic cluster and their locations within the proposed luciferase
active site. The light blue wire frame represents the backbone of fubunit. The essentialH44 andoH45 (both in green) are surrounded
by hydrophobic residuesF46,oF49,aF114,0V116, aF117,aW250, 01260, andaF261 (all in red).aF261 andxl260 are at one end of
a mobile loop which, as a whole, has been proposed to function as a gate for the active site during catalysis. For additional shielding of the
active site from aqueous solvent, residue46 packs well with residuesV116, aF117, andaF114 to form a tight, hydrophobic barrier
nearoH45, whereastF49 and the nearbgW250 form another hydrophobic cluster nedi44. aF49 and the neighboringH44 were
important to aldehyde oxidation, whereais117 andxH45 were close to each other and were both essential to the formation of intermediate
Il. van der Waals surfaces are represented by white dots for all the red color hydrophobic side chains depicted in this figure.

The originally proposed general location of the luciferase essential hydrophobic residues, the functional rolesFef6,
active site pocket4, 5 and the essential role ofR107 in oF49,aF114, andoF117 were revealed in this work.
FMNH, phosphate bindingg] form a basis for a computa-
tional model of the luciferase active sit®)( Essentiall ~ACKNOWLEDGMENT

residues revealed by earlier and the present site-directed \yo \would like to thank Dr. Thomas Russell for his

mutagenesis studies provide a test to the proposed active sitg, hnical assistance in stopped-flow spectroscope and Jerry

and more definitively depict the makeup of the active site gagie Ehalunode for his help in displaying the stereoview
of luciferase as shown in Figure @H44 andaH45 have of the protein structure.
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