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ABSTRACT: This work aimed at identifying essential residues ondfsibunit ofVibrio harveyiluciferase

and elucidating their functional roles. Four conseraesubunit residues at the proposed luciferase active
site were initially mutated to Ala. Screening of the in vivo bioluminescence of cells expressing these
mutated luciferases allowed the work to focus @Blu328 for additional mutations to Phe, Leu, GIn,

His, and Asp.V. hareyi luciferase is known to contain, at the same proposed active site, an unusual
cis-peptide linkage betweaAla74 andoAla75. To explore the structurdunction relationship, luciferase
variantsaA74F andaA74G were constructed. The saGlu328-mutated and the twmAla74-mutated
luciferase variants were purified and characterized with respe¢f,{e Michaelis constants, light and

dark decays, quantum yield, and, E328F andxA74F, yield of the 4a-hydroperoxyFMN intermediate

and the ability to oxidize aldehyde substrate. Results indicated that the structural integritiescdbhih8
andaAla74 were essential to luciferase bioluminescence activity. Moreover, the essentialBlug28

was linked to the acidic nature of its side chain. The low activitptBB28A was sensitive to chemical
rescue by sodium acetate, an effect that was not reproduced by phosphate. The efficiency of activity
rescue by acetate progressively increased at lower pH in the range from 6.0 to 8.0, supporting the
interpretation obxGlu328 as a catalytic general acid. The rescuing effect of acetate was on a reaction step
after the formation of the 4a-hydroperoxyFMN intermediate. The exact catalytic functieGlof328 is
unclear, but possibilities are discussed.

Bacterial luciferase catalyzes the oxidation of reduced ciferase has only a single active si%& 6), for which the
flavin 5'-phosphate (FMNE)! and a long-chain aliphatic  atomic structure has not yet been determined. In comparison
aldehyde by molecular oxygen to generate FMN, carboxylic with other flavo-monooxygenases, bacterial luciferase pro-
acid, water, and bioluminescence. Key steps of the luciferasevides special advantages as well as many intriguing chal-
reaction include the oxidation of deprotonated FMNH lenges for structural and mechanistic studies.
(intermediate 1) to form the 4a-hydroperoxyFMN intermedi- Earlier hybridization studies using chemically) (or
ate Il, reaction of Il with aldehyde to generate 4a-peroxy- mutationally §) altered subunits indicate that the luciferase
hemiacetalFMN intermediate lll, the decay of Ill to form active site is primarily, or even completely, located in the
carboxylic acid and the excited 4a-hydroxyFMN emitter subunit. The general location of thé harveyi luciferase
(intermediate 1V*), the relaxation of IV* for biolumines-  active site in a cleft of the. subunit has been postulated) (
cence, the return to ground-state IV, and the breakdown of 4), and this proposed site is consistent with a computational
IV to generate water and FMNL(2). Among all known model of the flavin substrate sit@)( Moreover, a growing
flavin-dependent monooxygenases (or hydroxylases), bactehody of site-directed mutagenesis studies has identified a
rial luciferase is unique in its light-emitting activity, slow number of essential residues in the postulated active site
turnover rate, and, hence, unusually stable intermediatespocket, thereby providing a strong support to the original
(half-life in seconds or tens of seconds at’Zj. Moreover,  postulate. These essential residues orutiseibunit include
although thea-carbon main chains of th¥ibrio harveyi His45 for the formation of intermediate 110, 11), Arg107
luciferaseo. and subunits are nearly superimposable in their (3, 12) and Trp250 {3) for FMNH; and, in the latter case,
three-dimensional structures, (4), the heterodimeric lu-  aldehyde binding, Gly2751¢) for a critical flexibility of a

unstructured loop as a possible active pocket g énd
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Health and Grant E-1030 from The Robert A. Welch Foundation.  Site environment. The identification of these essential residues
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dtu@uh.edu). various aspects of luciferase activity rather than a molecular
1 Abbreviations: FMNH, reduced riboflavin Sphosphate; FMN, P y

oxidized riboflavin 5-phosphate; q, quanturt;, peak bioluminescence  Interpretation of their specific catalytic functions. In one case,
intensity (in q s?) of the luciferase-catalyzed single-turnover reaction; @ catalytic function as a general base has been established
$o, overall quantum vyield of the luciferase reactias-, emission for the conservediHis44 by chemical rescue studieksy.

quantum yield of the excited luciferase emittir, rate constant of the In general, much remains to be elucidated with respect to a
exponential light decay of the single-turnover bioluminescence reaction; ’

ko, rate constant for the dark decay of intermediate 11 in the absence of detailed structural makeup of the luciferase active site and
aldehyde. specific functionalities for active site essential residues.
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EssentialoGlu328 andoAla74 of Bacterial Luciferase

This work was initiated as a continuation of our effort to
elucidate critical structural and mechanistic properties of
luciferase. On the basis of the selection criteria of conserva-
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overexpression of wild-type or mutated luciferases following
procedures reported previousl§Qj. Cells were harvested
at ODso0 =~ 4, and the expressed luciferase was purified as

tion in the polypeptide sequences of luciferases from severalpreviously described1(Q). In all cases, luciferase samples
luminous bacterial strains and the presence in the proposedso obtained had85% homogeneities based on patterns of

active site pocket, five residues on tle subunit were
targeted for initial mutational studies. Such an approach
enabled us to focus on the conseregdlu328 for additional
mutations. The major portion of this study involved char-
acterizations of the properties of sikGlu328-mutated
luciferase variants and chemical rescue of the activity of one

sodium dodecyl sulfatepolyacrylamide gel electrophoresis.
The luciferase bioluminescence activity was measured at 23
°C, using a calibrated homemade luminometer, in 50 mM
P, buffer at, unless specified otherwise, pH 7.0 by the single-
turnover assay with FMN reduced by dithionite or Cu@) (

18). Decanal was used as the standard cosubstrate. In such

such mutant by acetate. Results of these studies indicated a single-turnover assay, the bioluminescence quickly reached

catalytic role foraGlu328 as a general acid.

V. harveyiluciferase also contains an unusual non-proline
cis-peptide betweerAla74 andoAla75 @). A possible
functional role of thiis-peptide has been suggestédl(7).

A close proximity ofaAla75 and thecis-amide linkage to
FMN and theaCys106 residue present at the active site has
been reported, but the mutationafla75 to glycine resulted

in very little luciferase inactivation4( 17). In this work, we
also constructed and characterizedh74G and o A74F
mutants. Effects of these mutations on luciferase activity,
yields of intermediates, kinetics, and quantum yield of the
single-turnover bioluminescence reaction were analyzed.
Results indeed indicated an essential roleodfla74 in
luciferase reaction.

MATERIALS AND METHODS

Materials Plasmid DNA was purified with Wizard SV
Plus Miniprep kits from Promega. A Quickchange site-
directed mutagenesis kit and competent cellEstherichia
coli IM101 were purchased from Stratagene. Oligonucleotide
primers were made by MWG Biotech. FMN, decanal, and
sodium hydrosulfite were all purchased from Sigma. DEAE-
cellulose DE52 was from Whatman. Dithiothreitol was from

a peak within 2 s and then decayed exponentially (rate
constant designatdd) for =2 orders of magnitude of light
decrease. Luciferase activity)(was measured as the peak
intensity (o in g s%). Michaelis constants for decan#l(»)

and FMNH, (Kmp) andVmax Were determined from double-
reciprocal plots of results obtained from substrate titration
experiments. The total quantum produced in a single-turnover
reaction was determined by integrating the intensity over the
entire time course of the bioluminescence reaction. The
overall quantum vyield ) is defined as the number of
guantum produced per molecule of the limiting component
used in the assay. When saturating substrates were used,
luciferase was the limiting component in such a single-
rurnover reaction.

Dark Decay of 4a-Hydroperoxy-FMN IntermediateThe
formation of intermediate 1l was initiated by mixing a slight
excess amount of sodium hydrosulfite (dithionite) into 1 mL
of 50 mM R buffer containing 5tM FMN and luciferase.
The initial reduction of FMN was indicated by the bleaching
of the yellow color. The subsequent reappearance of yellow
color after 3-5 s of mixing under air indicated the comple-
tion of the oxidation of the excess free FMMNHDuring this
time, the luciferase-bound FMNHwvas also converted to
intermediate Il. After different times of incubation at 23,

Promega. DEAE-Sepharose resin was purchased from Pharq g uL aliquots were withdrawn for activity assays at 23

macia. All decanal solutions were prepared in absolute

°C by mixing with a solution containing a saturating level

ethanol shortly before experiments. Unless stated otherwise,of gecanal. The dark decay rate of intermediate Il (rate

50 mM phosphate (Pbuffer, pH 7.0, with molar fractions

_ constant designatdg) was determined by a semilogarithmic

of 0.39 sodium monobase and 0.61 potassium dibase iNpjot of observedl, versus time of incubation of the

deionized water was used as the standard buffer.

Luciferase MutantsV. harveyi luxABgenes encoding the
luciferaseos heterodimer were harbored in a pUC19 vector
and expressed ia. coliJM101. A site-directed mutagenesis
kit from Stratagene was used to perform mutatioruixA.
The codon AAC oftAsn5 was modified to GCC for alanine
(aN5A); also, codons ACT and TAT afThr9 andaTyr10,
respectively, were changed to GCT to obtai9A and
aY10A. The codon GCA encodingAla74 was modified
to TTT and GGA for phenylalaninea74F) and glycine
(aA74G), respectively. The codon GAA @iGlu328 was
replaced with GCA, TTC, CAA, CAT, GAT, and CTA for
alanine @E328A), phenylalanine o E328F), glutamine
(aE328Q), histidine¢E328H), aspartic acidxE328D), and
leucine (E328L), respectively. All mutated genes were
confirmed by sequencing by the Lone Star Lab. Plasmids
harboring the genes for the wild-type luciferase or the
mutated luciferase variants were each transformed Ento
coli IM101 cells following the protocol from Stratagene.

Enzyme Purification and Luciferase Adgty Assays
Transformed cells were grown at 3€ for 16—20 h for the

intermediate Il sample.

Stopped-Flow Spectrophotometrfn Olis RSM 1000
stopped-flow spectrophotometer (On-line Instrument Sys-
tems) was used to monitor the luciferase-catalyzed oxidation
of FMNH,. FMN (50uM) was prepared in 50 mM;Buffer
containing 10 mM EDTA and was made anaerobic by
repeated evacuation and equilibration with nitrogen in an
airtight flask. FMN was then reduced by long-wavelength
UV and withdrawn into an airtight stopped-flow syringe. An
air-saturated 50 mM;Puffer containing 13m%M luciferase
was prepared in a second syringe. The oxidation of FMNH
at 23°C was initiated by mixing 12@L of solution from
each syringe. Absorption changes at 445 and 382 nm were
monitored over time. For a direct comparison of the time
course ofAAgg, with that of AA44s data observed at each
wavelength were normalized A®VAA., whereAA andAA.
are the absorbance increases from time zero to, respectively,
a given time point after the mixing and the completion of
the overall oxidation.

Aldehyde Consumptio standard curve of the decanal
concentration versus light intensity was first constructed as
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described preViOUSI_y'IjO)' A decanal consumption r_e‘_""Ction Table 1: General Kinetic Properties of Wild-Type Luciferase and
was performed by injecting 1 mL of buffer containing 50 variants

uM FMNH, [reduced by Cu(l)] into an equal volume of K (M) K= (uM)_ relativeV relativeVoa/K
buffer containing 1uM decanal and 20M of a desired ~ — e mAiue ) mpéﬂe ) N = 1 mer A
Iumfe_rase species. Upon completion of the_ luminescence a5 45 30 6.6 10-5 225 105
reaction, 2QuL aliquots of the sample were withdrawn, gnd_ aE328L 9.7 03 25¢ 102 4.1% 10°3
each was used as the aldehyde source for the determinatiorxE328A 3.3 0.3 8.8< 1073 4.1x 1073
for unconsumed decanal. A control reaction was conducted aggggg Sg 8-5 g-g igz ‘71-2 x igj
S H o . . . Z X
S|m|lgr_ly but with th(a_ Cl_J(I)-r'educed FMNﬁ_—IcompIete.Iy' «E328D 50 04 39 101 13% 101
reQX|d|zed before injection into the solution containing a74F 17.3 87 1.9 10-2 1.0x 10°2
luciferase and decanal. aA74G 1.6 15 3.7 101t 3.8x 10!

Chemical Rescue aiE328A.Sodium acetate solutions
were prepared in 50 mM; Buffer at pH between 6.0 and was decreased by 5 orders of magnitude. Substantial but
8.0. For most experiments, a 1-mL buffer containdgB328A lesser degrees of inactivation (by-2 orders of magnitude
and acetate as a rescue reagent was incubated ‘@ &% of reductions o,y Of luciferase were also observed when
10 min. The bioluminescence reaction was initiated by the aGlu328 was mutated to a smaller hydrophobic residue
injection of 1 mL of buffer containing 0.01% decanal and leucine or alanine, or to glutamine to abolish the side-chain
50 uM FMNH,, reduced by Cu(l) X8). Experiments were ~ Nnegative charge, or to a less acidic histidine. However, a
also carried out to examine whether the recoveryB328A remarkable recovery to 39% of the wild-type luciferase
activity was due to the rescuing effect of acetate on the activity was obtained witlwE328D when the carboxyethyl
formation of intermediate Il or a step after the Il formation. side chain of aGlu328 was replaced by the aspartate
Intermediate 1l was first formed witttE328A and the  carboxymethyl side chain. Changes Ka or Knre were
dithionite-reduced FMNHK (6) under aerobic conditions in  observed for theseGlu328 mutants but none showed-
50 mM R, pH 7.0, as described above. The preformed fold changes from that of the native luciferase. Changes in
intermediate 1l was then mixed with an equal volume of the Kma were slightly more variable than thoseknr. Therefore,
same Pbuffer containing saturating decanal and 0 or 400 mutational effects oWma/Kma were also analyzed and found
mM sodium acetate for measurements of bioluminescenceto be similar to those oNmax (Table 1). In comparison with
activity. Alternatively, the same level of sodium acetate was the wild-type luciferase, a decreaseMpa/Kma by 5 orders
included in the initial solution containing luciferase and of magnitude was found faxE328F, whereas decreases by
FMNH, for intermediate Il formation. The bioluminescence 3—4 orders of magnitude were detected withE328L,
activity of the preformed intermediate Il was then determined aE328A,aE328Q, andxE328H. Once again, a substantial
by mixing with a buffer containing saturating decanal but 13% 0fVma/Kma was retained byE328D. Similar analyses
no acetate. The final concentrationsx@328A in all samples ~ were carried out for A74F andaA74G. Mutation ofaAla74

were at 0.1uM. to a bulky phenylalanine resulted m10-fold increases in
Kma andKme and reductions by 2 and 3 orders of magnitude
RESULTS in, respectively Vmax and Vma/Kma. 0A74G was found to

have a normaKy» and a nearly normd{r. Both Vo and

Site-Directed Mutagenesi©n the basis of conservation v/, _/K..» of aA74G were reduced te-40% of that of the
in the primary sequences of toesubunit of luciferases from  wjid-type luciferase.
V. harveyi, Kryptophanaron alfrediVibrio fischeri Photo- Light and Dark Decays and Quantum Yielthe overall
bacterium phosphoreunPhotobacterium leiognathiand  guantum yield §,) of luciferase can be determined from the
Xenohabdus luminesceis9) and their presence near the total quanta emitted in the entire time course of a single-
proposed active site pocketAsn5, oThr9, aTyrl0, and  tyrnover reaction. Qualitatively similar to the mutational
aGlu328 were targeted for mutational studies to investigate effects onVina, and Vimad/Kma, the most severe reduction in
their possible functional roles. Each of these residues wasg, was with aE328F; the smallest decrease was with
initially mutated to an alaninexAla74 for thecis-peptide  ¢E328D, and in-between effects gy were detected for all
bond formation was also mutated to phenylalanine to test gtheraGlu328 mutants (Table 2). However, when compared
the essentiality of this residue or this-peptide to luciferase quantitatively with effects ofVmax O VinadKma, less pro-
aCthlty Screening of the in vivo luminescence intensities nounced decreases m were observed fontE328D and,
(lnltlated by the addition of decanal) indicated that cells Considerab|y more so, for all othemGlu328 mutants.
expressing the luciferase variantd74F andoE328A were  Because the luminescence relaxation of the excited emitter
extremely low in emission, whereas cells expressing the wild- |\/* tg ground state is very fast, the rate-limiting step in the
type luciferase and all other luciferase variants were appar-|yminescence reaction is the formation of I\V*. At saturating
ently similar in emission intenSity. Hence, residogslu328 a|dehyde’kL for the exponentia| ||gh'[ decay in a Sing]e_
andaAla74 were chosen for additional mutations, with the turnover reaction provides a measure of the rate constant
former mutated to phenylalanine, leucine, histidine, glutamine, for the formation of the IV* from intermediate 1120). In
and aspartate and the latter to glycine. comparison with the wild-type luciferase, tkewas reduced

General Kinetics Properties oftGlu328 and aAla74 by only 30% for the homologous mutanE328D, whereas
Mutants All aGlu328- andAla74-mutated luciferases were all other aGlu328-mutated variants showed considerably
purified for characterization of their general kinetic properties lowerk_ (Table 2). The dark decays of intermediate Il formed
(Table 1). When the wild-type anionidGlu328 was mutated ~ with all aGlu328 mutants were also examined at 43
to a bulky hydrophobic phenylalanine, tNg.x of aE328F (Table 2). The least stable intermediate |l was obtained from



EssentialoGlu328 andoAla74 of Bacterial Luciferase

Table 2: Comparison of Wild-Type with Mutant Luciferases with
Respect to Light Decay, Quantum Yield, Dark Decay, and Yield of
Intermediate Il and Aldehyde Consumption at 23

relative relative relative yield of decanal

enzyme o ke ko 112 (%) oxidatior? (%)
wild type 1 r 14 92 84+1
0E328F 3.0x 10° 3.1x 102 3.00 63 20+ 6
oE328L 4.2x 10! 6.1x 102 151

oE328A 2.5x 10! 23x 102 0.89

oE328Q 5.6x 10' 1.5x 102 0.56

oE328H 2.9x 1072 6.8x 102 1.08

0E328D 6.7x 10! 7.0x 10! 1.78

0A74F 4.3x 102 44x 10t 175 68 92+ 1
0A74G  6.1x 10! 6.1x 10t 1.54

@ Based on stopped-flow data obtained at’€3as shown in Figure
1. The usual errors weee2—3%. ® Determined in triplets¢ 13.1 min*
for the wild-type enzyme? 2.07 mirr?* for the wild-type luciferase.

oE328F, whereas relatively low levels of stabilization or
destabilization of intermediate Il were detected for other
aGlu328 mutants.

In comparison with wild-type luciferase, relatively low
levels of changes were detected é6a%74F andaA74G with
respect tdq_ andkp of intermediate Il (Table 2). BothA74F
and aA74G had markedly lowerp, than the wild-type
luciferase. Similar to mutational effects &fpax and Vima/
Kma, the replacement aiAla74 by Phe resulted in a more
pronounced reduction af, than that detected withA74G
(Table 2).

Stopped-Flow Measurement of FMhBxidation Cata-
lyzed by Luciferaseluciferase intermediate Il has been

Biochemistry, Vol. 44, No. 42, 2009.3869

AAszgy

0.8+

0.6

AAJAA

0.4+

0-21 (A) GE328F

T T T T

60 80

1
100

6@@%‘5’%&
0.8

0.6

AA/AA

" AA
0.4 445

ooaooooomm)oq,
Con
Qo

021 (B) 0 A47F

0.0 T T i
0.0 0.1 0.2 03

T T

T
20 40 60
Time (s)

Ficure 1: Time courses of FMNKoxidation catalyzed bgtE328F
and aA74F. An anaerobic solution of 50 mM phosphate buffer,
pH 7.0, containing 5@¢M FMNH, was mixed with an equal volume
of air-saturated buffer containing 1381 oE328F (A) oraA74F
(B) at 23 °C in an Olis stopped-flow spectrophotometer. The
changes iNAAgg; (O) and AAyss (—) were monitored over time.

T 1
80 100

For direct graphic comparisons, the absorbance changes were

displayed asAA/AA., where AA and AA., are the increases in
absorbance from time zero to, respectively, a given time point after

previously detected by kinetic and absorption spectroscopiCthe mixing and upon the completion of the reaction.

measurement2(). The ground-state transient intermediate

IV has also been characterized by absorption and fluores-maximal AAss, is first reached. However, due to the

cence P2, 23). The best-characterized intermediate is I,
formed from bound FMNH and oxygen. Il was first isolated
at —20 °C in 50% ethylene glycetphosphate buffer2d)

simultaneous direct oxidation of FMNHo FMN, theAAuss
detected at this time would be9% of the total increase of
Auss Obtainable upon the complete conversion to FMN. A

and characterized along with its decay product by absorptioncomparison ofAA44s at the completion of the rapid formation

(24, 25) and fluorescence2§) spectroscopy. Intermediate
Il was also isolated in aqueous media at4°C, with

of Il and that at the end of the slow decay to FMN would
then provide a means for the determination of the yield of

absorption and fluorescence properties essentially identicalll.

to those determined at20 °C (27, 28). In this work, we
focused on the stopped-flow determination of yields of
intermediate Il by luciferase mutants following the analysis

The times courses ahAss; and AAys for the oxidation
of FMNH, catalyzed byanE328F andodA74F are shown in
Figure 1. In both cases, the formation of Il was indicated by

established previously in our studies on other luciferase the fast rise im\Ags, to @ maximum accompanied by a partial

variants (1, 14). FMN has substantially higher absorption
than FMNH: in the range of 366500 nm. When no
intermediate Il is involved in the oxidation of FMNHo
FMN, signals of AAgg, and AA44s would follow the same

increase iMAy4s This was followed by a much slower phase
during which AAy4s, but not AAszg,, continued to increase

until the completion of the FMN formation. These data
enabled us to calculate the yields of intermediate Il in the

time course and reach the maximal level at the same time.aE328F- andxA74F-catalyzed reaction to be, respectively,
In contrast, the luciferase-catalyzed reaction involves first a 63 and 68% (Table 2). Using the wild-type luciferase as a

rapid formation of intermediate Il from FMNfand Q and
then a slow decay of Il to FMN. The formation of Il is
characterized by a large increaseAg, and a very small
increase inNAys Because Il and FMN share an isosbestic

positive control (stopped-flow data not shown), the yield of
Il was determined to be 92% (Table 2), similar to previously
reported valuesi, 14).

Aldehyde Consumptioithe formation of the light-emitting

point at 382 nm, the decay of Il is associated with a marked intermediate IV* is coupled to the oxidation of aldehyde to

increase ofA445 but no further changes iAsg,. In the case
of 100% vyield of intermediate I, the total increaseAws
consists of 9%AA4s from the rapid FMNH — 1l and 91%
AAys associated with the slow # FMN. In the oxidation

of FMNH, to FMN involving a partial yield of intermediate
I, the formation of 1l is completed when the plateau of the

carboxylic acid in the bioluminescence reacti@g)( Using
a limiting amount of decanal and excess amounts of
luciferase and FMNK aA74F was able to consume 92
1% of decanal, similar to the & 1% consumption by the
wild-type luciferase, buttE328F consumed only 26 6%
of the decanal substrate (Table 2).
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300 intensity was doubled in this case (treatment 2, Table 3).
PH For a third sample, 400 mM acetate was included in the
60 enzyme solution for the formation of intermediate II. Upon
subsequent mixing with a buffer containing saturating
decanal but no acetate, the same 2-fold bioluminescence
activity enhancement was observed (treatment 3, Table 3).
150- 6.5 If the activity-rescuing effect of acetate was on a step leading
to the formation of intermediate Il, activity enhancement
should be observed with only treatment 3 but not treatment
2, a prediction contradicted by our findings. Therefore, our

250

n
S
rd

Light Intensity x 10'° (q s™)
2
(-]

504 70 results support the conclusion that acetate enhanced the
75 bioluminescence activity aiE328A at a catalytic step after
0 : , —*>—% 80 the formation of intermediate II.
0 100 200 300 400 500
[Sodium Acetate] (mM) DISCUSSION
FiGure 2: Enhancement ofE328A bioluminescence activity by The major portion of this work focused on the identifica-

sodium acetate and effects of pH. The peak luminescence intensities; : :
were determined fonE328A at 23°C in 50 mM phosphate (at pH Yion of the conservedGlu328 as an essential residue Yor

8.0, 7.5, 7.0, 6.5, and 6.0) containing different final concentrations Narveyiluciferase and the characterization of its functionality.
of acetate as indicated. The essentiality obiGlu328 was clearly indicated by the

findings that replacement of the acidic carboxyethyl side
Table 3: Effect of Sodium Acetate in Relation to Reaction Steps chain by the homologous carboxymethyl side chain of

treatmertt lo x 1019 (q 59 aspartate allowed the retention of 39%4a, and 13%Vma!

1. (E+ FMNH, + 0, — II) — (decanal) 1% 04 Kma, but mutations ofaGlu328 to other nonhomologous
2. (E+ FMNH; + O, — Il) — (sodium acetate- 106+ 1.6 residues shown in Table 1 resulted in reductiongig.and

decanal) Vma/Kma by 3—4 orders of magnitude in most cases and by
3. (E+ sodium acetate- O, + FMNH, — II) — 11.5+21 5 orders of magnitude for the Gle~ Phe mutation. In

(decanal) comparison with the wild-type luciferase, the of the

2 Reactions were carried out in 50 mM BH 7.0, at 23°C using a homologous mutar@E328D was only 30% lower, whereas
modified dithionite assay. Each reaction solution contained:® bf all otheroGlu mutants had thei, reduced by 2 orders of

the aE328A enzyme and, in treatments 2 and 3, 200 mM of acetate

(all final concentrations). magnitude, indicating that the acidic side chairu@1u328

was important in regulating the rate-limiting step of the
] ) luciferase bioluminescence reaction. Due to the slower light
~ Chemical Rescue ofE328A by Sodium Acetatfihe  decays of all of theaGlu328 mutants, the degrees of
finding thataE328D retained 39% of th€na, Whereas all reductions in theiip, values were less than those Wax
otheraGlu328 mutants had activities% orders of mag-  andV,,./Kma. Qualitatively, the pattern of mutational effects
nitude lower than that of the wild-type enzyme, suggests a gp, $, was similar to that 0Vmax and Vimay/Kma, With the
plausible functional role of the acidic side chainodblu328. most severe adverse effect observed will828F, the least

As an independent test, chemical rescue of @i828A  reduction withaE328D, and in-between effects for the other
activity by sodium acetate was investigated. First, the activity nonhomologous mutants. For all parameters mentioned
of aE328A in 50 mM phosphate at pH 7.0 was found to gpove, the charge rather than the size oftB4u328 residue
increase linearly at higher concentrations of acetate testedyas the primary determinant of its functionality as evident
up to 400 mM (Figure 2). At the same pH 7.0, increases from the finding that properties afE328Q were similar to
from 50 mMb 1M qf the phosphate buffer containing No  thpse ofwE328A rather than the native luciferasexd328D
acetate did not result in any enhancementB828A activity. (Tables 1 and 2). All of the findings stated above, taken
Effects of acetate onE328A activity were also examined together, not only indicated an essential rolex@u328 in

at four other pH values between 6.0 and 8.0, and results arqciferase activity but also suggested that the essentiality of
included in Figure 2. Higher efficiencies of activity rescue G|u328 is linked to the acidic nature of its side chain.

(as indicated by steeper slopes of the plots in Figure 2) were  The specific functional roles afGlu328 were examined
obtained at lower pH values. Using thgax of the wild- by additional analyses. The overall quantum yiglcf the

type luciferase at pH 6.0 as a reference, the activity of yciferase in vitro reaction can be described by the relation-
oE328A was rescued to 10%nax by 400 mM acetate at  gpjp

pH 6.0.

The activity-rescuing effect of acetate with respect to Do = Y Vi Yivs Dy 1)
catalytic steps was investigated at pH 7.0 (Table 3). As a
control, intermediate Il was first formed by reactiag328A where eaclY is the yield of an intermediate (defined by the
with dithionite-reduced FMNK under aerobic conditions.  subscript) andpy+ is the emission quantum yield of the
The preformed intermediate sample was injected into an excited emitter IV*. The least activeE328F was examined
equal volume of solution containing saturating decanal to on the basis of eq 1. Despite a much lowgy c E328F was
initiate the bioluminescence (treatment 1, Table 3). A second able to generate intermediate Il at 63% yield. The yield of
sample was treated identically except that the preformedintermediate Ill is dictated by the partition between the
intermediate 1l was mixed with an equal volume of decanal reaction of Il with aldehyde to form intermediate Il in
solution containing 400 mM acetate. The observed emissioncompetition with the dark decay of Il. AlthoughE328F
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Scheme 1
an ) av*)
HF-00 HF-OOCH(O")R HF-0 %
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NH N NH g NH
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R
R'= -CHy(CH-OH);CH,0P052" ko HF-OOCH(OH)R Light
R = CH3-(CHz)e.12 -
FMN + H,0, FMN + H,0 <—— HF-OH (IV)

had the least stable intermediate 1l among @®lu328 optimum at pH 6.7 with about 5 and 30% decreases at pH
mutants (Table 2), its dark decay rate under conditions of 7.0 and 6.0, respectively3(). Therefore, these findings
our test was only 3 times that for the wild-type luciferase. It further suggest thatE328 was also sensitive to the activity
is unlikely thataE328F would have a drastically reduced rescue by specific acid (H.

yield of lll. The formation of IV* is coupled to the The acetate-rescuing effect was also shown to be on a
conversion of aldehydg to carboxylic acied). HenceYiv: reaction step after the formation of intermediate Il (Table
of aE328F can be estimated to be 20% on the basis of it 3y "geheme 1 was formulated for the comparison of three

abilitg todcof?sutm%(aldegyye as a substrta;e. Belcalusef thepossible points of involvement aiGlu328 as a catalytic
combined etiect ory and riy- can account for only L OF 544 a5 shown in the three boxes. The oxidation of luciferase-
the 3. orders of magnitude decrease dp for aE_328F, bound FMNH" generates intermediate Il in the HBO~
gqnudtatfsnsi%ﬁ G;:JS_O; Phe should lead to compromisésl- state, which could undergo protonation to form -HBOH
possIbly m- . . . (left box). We consider this unlikely to be the point for
One important finding of this study is that mutations of 0aGlu328 to act as a catalytic general acid for the reason
the conservedGlu328 affected the rate of quantum produc- that HF-00-, not HF-OOH, should be the active attacking

tion I VimaxXK lucifer much mor than th . . .

osergflm axu?inta]r?/ yi";ﬁ?ds?/#]?s zuzsgeest:ihm(gljssé% C(?uk; © species to react with aldehyde for the formation of the-HF

have a true catalytic function in regulating the rate of the .OOCH(C.T)R intermediate [ll. The protonation states Qf
intermediates Il and IV* are not clear at the present, leaving

luciferase reaction. Therefore, the principle of chemical : L "
rescue 80) was employed to test the effect of sodium acetate open the possible participation af5lu328 to facilitate the
conversion of HFOOCH(O)R to HF—OOCH(OH)R

on the activity of the dark mutantE328A. Indeed, gradually ) ! :

increased bioluminescence activities were detected in the(Middle box) and/or HFO™ to HF—OH* (right box). As
presence of increasing concentrations of acetate (Figure 2)discussed in a recent revievg)( we presently favor a
Moreover, such an effect was sensitive to pH, with higher mechanism in which the r_emoval .of the circled proton in
efficiencies of activity rescue at lower pH within pH 6:0 ~ HF~OOCH(OH)R (shown in the middle box, Scheme 1) is
8.0. These results support the interpretation thEB28 coupled to the formation of H-FQH* as the excited emitter.
functions as a catalytic general acid in the luciferase Hence, HFFOOCH(O)R must first be protonated to HF
bioluminescence reaction. The response plots shown inOOCH(OH)R, and this protonation could involu€s1u328
Figure 2 are all linear up to 400 mM sodium acetate, as ageneral acid catalyst. If our proposed generation ef HF
indicating that no significant binding of acetate by the OH*from HF-=OOCH(OH)R @) can be validated by future
luciferase active site was detected under such conditions. Thestudies, then no general acid catalyst would be required after
rescuing effect of acetate cannot be reproduced by phosphatéhe formation of HF-OH* regardless of HFOH* or HF—

up to 1 M at pH7.0, hence ruling out increased ionic strength O~ as the true emitter. However, if HFO™ is first formed

as the cause for activity enhancement. Interestingly, the from intermediate Il and subsequently protonated toHF
intercepts on the ordinate show higher activitiesa&f328 OH* as the true emitter (right box), then the participation
at lower pH in the range from 8.0 to 6.0 in 50 midRiffer of a general acid catalyst, possitiGlu328, at this point
without acetate. This pattern is distinct from the-péttivity remains as a theoretical possibility that cannot be ruled out
profile of the wild-type luciferase, which shows an activity at the present.
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V. harveyi luciferase contains an unusualh74—aA75
cis-peptide bond4). A computational model of the luciferase
active site depicts thisis-amide linkage, the side chains of
oAla75 andaCys106, and the FMN isoalloxazine ring as
all closely packed9). By analyses of luminescence activities
and spectra of luciferase single and double mutants, evidence
has been describe in support of a critical structural and,
possibly, functional roles for theis-peptide bond between
aA74 andoA75 (17). Such a conclusion is supported by
our characterization of the propertiescoA74G andoA74F.
WhereastA75G retained 86 100% of the wild-type enzyme
activity (17), the Vimax and VmadKma were reduced to 37
38% for aA74G and by 2 and 3 orders of magnitude,
respectively, formA74F (Table 1). Mutation of thelAla74
also resulted in slower rates for the rate-limiting step of IV*
formation as indicated by 56 and 39% reductions in the light
decay rates fonA74F andoA74G, respectively (Table 2).
Moreover, 1 and 2 orders of magnitude decreases imere
detected fonA74G andoA74F, respectively (Table 2). For
oA74F, the yield of intermediate Il was reduced by 32%
but, once Il was formed, the ability to react with decanal
for IV* formation was fully retained. Therefore, the 2 orders ;-

10.

11.

12.

14.

Li and Tu

flavin mononucleotide complex combining flexible docking with
structure-activity data,Protein Sci. 10 1563-1571.

Xin, X., Xi, L., and Tu, S.-C. (1991) Functional consequences of
site-directed mutation of conserved histidyl residues of the
bacterial luciferase alpha suburBipchemistry 3011255-11262.

Li, H., Ortego, B. C., Maillard, K. I., Willson, R. C., and Tu,
S.-C. (1999) Effects of mutations of the alpha His45 residue of
Vibrio harveyiluciferase on the yield and reactivity of the flavin
peroxide intermediateBiochemistry 384409-4415.

Moore, C., Lei, B., and Tu, S.-C. (1999) Relationship between
the conserved alpha subunit arginine 107 and effects of phosphate
on the activity and stability oWVibrio harveyi luciferase,Arch.
Biochem. Biophys. 37@15—50.

. Li, Z., and Meighen, E. A. (1995) Tryptophan 250 on the alpha

subunit plays an important role in flavin and aldehyde binding to
bacterial luciferase. Effects of WY mutations on catalytic
function, Biochemistry 3415084-15090.

Low, J. C., and Tu, S.-C. (2002) Functional roles of conserved
residues in the unstructured loop ¥ibrio harveyi bacterial
luciferase Biochemistry 411724-1731.

. Sparks, J. M., and Baldwin, T. O. (2001) Functional implications

of the unstructured loop in the (beta/alpha)(8) barrel structure of
the bacterial luciferase alpha suburipchemistry 4015436~
15443.

.Huang, S., and Tu, S.-C. (1997) Identification and characterization

of a catalytic base in bacterial luciferase by chemical rescue of a
dark mutantBiochemistry 3614609-14615.

17.Lin, L. Y., Sulea, T., Szittner, R., Kor, C., Purisima, E. O., and

of magnitude decrease i, must be a consequence of not
only a decreaseW, but also reductions iy, and/orgy-. It
should be noted that mutations afAla74 to glycine and
phenylalanine do not necessarily abolish the ability of
luciferase to form acis-amide bond between the mutated
residue andxAla75. In this connection, the occurrences of
a Gly—Ala cis-peptide 82) and a Phe Ala cis-peptide 83)

in other enzymes have both been reported. Such a consid-
eration notwithstanding, our characterizationséf74F and
aA74G clearly indicated that the structural integrity of the
cis-peptide formingaAla74 is critical to luciferase biolu-
minescence with respect to peak emission intensity, rate-
limiting step, and quantum yield.
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