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ABSTRACT. Bacterial luciferases (LUxAB) can be readily classed as slow or fast decay luciferases based
on their rates of luminescence decay in a single turnover assay. Luciferase¥ifsdm harveyi and
XenorhabdugPhotorhabduy luminescensave slow decay rates, and those from Bfetobacterium

genus, such a8. (Vibrio) fischeri P. phosphoreunandP. leiognathj have rapid decay rates. By generation

of an X. luminescendvased chimeric luciferase with a 67 amino acid substitution fRomphosphoreum

LuxA in the central region of the LuxA subunit, the “slow. luminescenkiciferase was converted into

a chimeric luciferase, Lux, with a significantly more rapid decay rate. Two other chimeras With
phosphoreunsequences substituted closer to the carboxyl terminal of LuxA, kBxahd LuxAsB, retained

the characteristic slow decay ratesXfluminescensuciferase but had weaker interactions with both
reduced and oxidized flavins, implicating the carboxyl-terminal regions in flavin binding. The dependence
of the luminescence decay on concentration and type of fatty aldehyde indicated that the decay rate of
“fast” luciferases arose due to a high dissociation constagtfér aldehyde (A) coupled with the rapid
decay of the resultant aldehyde-free complex via a dark pathway. The decay rate of luminekgence (
was related to the decanal concentration by the equakipr: (kLA + koKg)/(Ka + A), showing that the

rate constant for luminescence decay is equal to the decay rate via thel@yr&nd light-emitting k)
pathways at low and high aldehyde concentrations, respectively. These results strongly implicate the central
region in LuxAB as critical in differentiating between “slow” and “fast” luciferases and show that this
distinction is primarily due to differences in aldehyde affinity and in the decomposition of the luciferase
flavin—oxygen intermediate.

Bacterial luciferases catalyze the concomitant oxidation 0: RCOH(A)
of reduced flavin mononucleotide (FMNH and a long- E + FH; = EFH; » EFH,0, = EFH,0,RCOH — RCOOH + F +E +H;0 + hvisopm
chain aldehyde into FMN and the corresponding long-chain (EFO) EFOA) - &
fatty acid (). This reaction, shown in Figure 1, is dependent E :f‘;zOz
on the _Sequentlall formatlon. of severaj enzyffiavin Ficure 1: Intermediates in the bacterial luciferase reaction.
intermediates. Luciferase (E) interacts with FMNEFH,) Reduced flavin mononucleotide (BHreversibly binds to the
to form the EFH complex which subsequently reacts with enzyme (E) to form an ERtomplex. In the presence of molecular
0 to yield an oxygenated enzymélavin complex, EFHO, oxygen (Q), an enzyme-flavin oxygenated intermediate, EE®,

; ; 1o (EFO), is formed, which can dissociate in a dark reaction to oxidized
(EFO). This complex can either decompose by a dark SldefIavin mononucleotide (F) and @, or bind a long-chain aldehyde

pathway with a rate con_stah@ to yield oxidized FMN (F) RCOH (A), to produce the EF¥®,—RCOH (EFOA) complex. The
and RO,, or interact with aldehyde (RCOH) to form an  products FMN (F) and fatty acid (RCOOH) are generated after
EFH,0,—RCOH complex (EFOA). Decay of EFOA can conversion of the EFOA intermediate into light.
occur by dissociation of the aldehyde followed by decom- second of the assay and then decreases exponentially with
position via the dark pathway, or the reaction goes 10 the |oss of the EFOA complex at a rate dependent on the
completion with the emission of blteyreen light at 490 nm  gpecific luciferase and aldehyde.
characterized by the rate constantThe standard luciferase  The three-dimensional structure\dibrio harveyi bacterial
assay is quite unusual in that the enzyme undergoes only gyciferase has been recently solved at a resolution of 1.5 A
single turnover as the FMNkbubstrate is oxidized chemi-  (3). Each subunit of the heterodimeric (LuxAB) enzyme
Cally at a rate faster than the decay of the EFOA |ntermed|ateforms an ()jﬂ)s barrel motif. The two noncova|ent|y bound
(2). Consequently, light rises to a maximum in the first sybunits interface by means of twehelices in the amino-
terminal half of each subunit to form a parallel four-helix
T Supported by Grant MT4314 from the Medical Research Council bundle. As the gnzyme was crystallized W'thOUt bound
of Canada. substrates, only inferences can be made with regard to the
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in close proximity to each other, Trp194 and Trp250, have MATERIALS AND METHODS
also been implicated in activity and/or flavin binding).(
Based on a strong electron density peak in LuxA believe
to arise from a phosphate or sulfate anion bound during
crystallization, the flavin ring of FMNK was modeled to
the interface between these tryptophans by positioning the
phosphate moiety of FMN#at this electron-dense sité)(
However, the specific locations of the aldehyde and flavin

binding sites remain unknown, although it is likely that they by mixing appropriate amounts of NaPO, and KHPQ,
are bound near the carboxyl terminus of LuxA based on the giyained from Baker. The concentrations of flavins were

location of the active sites of othee/3)s barrel enzymes  yotermined from their absorbance at 450 nm using an
(). extinction coefficient of 12 200 M cm™%. Sodium hydro-

A large difference in the luminescence decay rates hassulfite was purchased from Fisher. Sodium sulfate was
been used as a taxonomic basis to class luminescent bacterigurchased from Anachemia. All aliphatic aldehydes were
into two clearly distinct groupss( 9). Over 3000 strains of ol_atained from Aldrich, and my_ristic acid was purchased from
luminescent bacteria from théibrio and Photobacterium ~ Sigma. Bovine serum albumin (BSA) was purchased from
genera could be classed as containing Iuciferases either witi>/9Ma or from Boehringer Mannheim. All compounds were
a slow or with a fast decay of luminescence. The luminescent €2gent grade.
species with “slow” luciferases were &ibrio harveyistrains Construction of Chimeric and Hybrid LuciferaseShi-
while Photobacteriun{Vibrio) fischeri P. phosphoreurand meric luciferases were generated by insertion of unique
P. leiognathispecies all contained “fast” luciferases. More 'estriction sites intoX. luminescens luxAollowed by
recent characterization of strains of the terrestrial luminescentNSertion of the homologous region Bf phosphoreum luxA
bacterium Xenorhabdus(Photorhabduy luminescenshas flapked by th'e corregpondlng rgstnchon s'|tes. In|t|al]y, an
shown that this species contains a luciferase with a slowerun'queXba site was mt_rqduced into the middle bixA in
decay than that o¥. hareyi luciferase {0—12). Hence, a pT7-5 plasmid containing the XxAB genes separated

. . : - by a uniqueBanHl site and flanked upstream and down-
bacterial luciferases can be classed into two distinct catego- . . ;
. ) . stream by uniqueéecoRI and Pst sites, respectively (see
ries based on their luminescence decay rates.

Figure 2 under Results). This was accomplished by ligation
The study of chimeric enzymes has previously proven of the pT7-5 plasmid extending frorgcoRI to Pst (or
instrumental in delineating regions crucial in cataly4i3- BanmHI) with two PCR fragments simultaneously, one
16), although the interchange of specific domains of closely extending from theXba site upstream tdecoRIl and one
related enzymes may result in instability or insolubility of downstream to thést (or BanHl) site. UniqueSal and
the resultant chimera, as observed for chimeras of ornithine Kpnl sites were then introduced sequentiallyurA between
and aspartate transcarbamoyladds. (n bacterial luciferase, ~ theXba andBarHl sites using the same approach. Custom-
the LuxA subunit is believed to control the primary kinetic designed primers used for PCR were from Gibco-BRL.
properties of luciferase1@, 19. Luciferases containing Introduction qf the restriction sites re_sulted inasinglelamino
chimeric LuxA subunits thus have the potential to define acid change in sequence at tkba site (Tyr to Gly) with
key regions involved in luminescence. An important first step N0 changes at thBal andKpnl sites. Part ofuxAwas then

toward characterizing the active site rests with the identifica- €xcised from the resultant plasmid by Fhe appropriat? pair
tion of the region responsible for the classification of ©f restriction enzymes (i.eXbd and Sal; Sal and Kpnl;

luciferases as “slow” or “fast” based on their decay rates. gpg ggd B‘?nﬂl)’.the h(;lmoll(o%ott;s trﬁgion in HBXA(\;)Opied i
Since a disruption of the interactions between the amino- y using primers flanked by Ihe corresponding restric-

terminal halves of the LuxA and LuxB subunit @) would tion sites, and the PRixA ligated into the excised pT7-5

. - . lasmid with XL luxB and the remainder of XIuxA. Th
prevent the generation of an efficient and functional enzyme Ssnsera?iontof chilr;eriZJSAtggngs \?vageex?remueulyAefﬁciZnt
(19, 20, a set of chimeric luciferases containing portions of

h | inal half of | ith since only complete constructs emitted light after transforma-
the carboxyl-terminal half of XL LuxA were replaced with i, into E_ coli restriction analysis was then used to confirm
the corresponding sequences from PP LuxA. Remarkably, aipe presence of PRix DNA. Hybrid chimeras containing

chimera containing a replacement of 17% of its LUXA pp|yxB andP. leiognathi luxBwere generated by PCR of
sequence with that of PP luciferase was converted from athe correspondinguxB genes with primers containing
“slow” XL luciferase to a luciferase with properties more flanking BanH! and Pst sites followed by ligation into the

similar to PP luciferase, including a rapid luminescence decay plasmid with the chimeric or parentixAB genes with the
rate and a decreased thermal stability. Analysis of the decayXL |uxB excised by restriction witfBarmHI and Pst.

rates as a function of decanal concentration indicated that gxpression and Enzyme PurificatioBiach of the pT7-5

the molecular basis for the fast decay of luminescence aroseplasmids containing hybrid, chimeric, or parental luxAB
primarily due to a preferential decay of the EFOA intermedi- genes were transformed inf coli strain K38 containing
ate via the dark pathway and not to a more rapid conversionthe plasmid pGP1-2 coding for the T7 promot&NA
into light. Two other XL-based LuxAB chimeras containing polymerase expression system as previously describied (
PP segments of comparable length had weaker flavin 21). The cells were grown in the appropriate media with 50
interactions but remained “slow” luciferases with properties ug/mL ampicillin and 40ug/mL kanamycin to an Ogonm
more closely related to the parental XL LuxAB. of 2.5-2.8 at 30+ 2 °C, centrifuged, and suspended in 10%

d ChemicalsFlavin mononucleotide (FMN) was a gift from
Sigma and used without further purification. Reduced flavin
mononucleotide (FMNE) was produced by bubbling H
through a 50uM FMN solution in the presence of a Pt
catalyst (Fluka). The flavin analogue carboxypentylflavin
was originally a gift from Dr. D. B. McCormick (Cornell
University, New York). The phosphate buffers were prepared
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of the original culture volume of 50 mM phosphate buffer, binding of FMN. The observed fluorescence was corrected
pH 7.0, and 20 mMg-mercaptoethanol before lysis by for changes in sample volume and subtracted from the base
ultrasonication. For luciferases with low activity, the cells line fluorescence of the buffer. As well, the fluorescence was
were suspended in 1% of the original culture volume before corrected for the inner filter effect caused by the competitive
lysis. Purification was performed according to the method absorption by FMN according to the equati@#)
of Gunsalus-Miguel et al.2Q). ]
The protein concentration was determined from the ab-  F(A)corr = F(4)ops @Ntilog[ODL(4)/2 + ODg,(4)/2]
sorbance at 280 nm using molar extinction coefficients of ) ]
8.8x 10°M~1cemLfor XL and 7.2x 10* M—t cm~1 for PP where OR,(4) represents the optical density of the sample
luciferase, 8.7x 10* M~ cm ! for the LuxAsB chimera, at the excitation wavelength and @A) the optical density
and 8.5x 10* M~ cm~* for the LuxAeB chimera calculated ~ Of FMN at the emission wavelength.
on the basis of the number of tryptophans and tyrosines RESULTS
present in each protein. The molecular weights calculated
based on the proteins’ sequences were .20 for XL Construction and Structure of Chimeric Luciferaséhe
luciferase and 7.& 10* for PP luciferase and the chimeric composition, amino acid sequence, and structure of three
luciferases. The purified native and chimeric luciferases had chimeras of LuxA are given in Figure 2. Approximately one-
95% or greater purity as determined from SDS gel electro- sixth of the sequence of thexA gene ofX. luminescens
phoresis. The enzymes were kept in storage-20 °C in has been replaced with the homologous region of BRA
the presence of 20 mi#mercaptoethanol and 30% glycerol. (LuxA:B, LuxA,B, and LuxAB) in each chimera (Figure
Luminescence AssayBwo types of in vitro luminescence  2A). Substitution with PP DNA was accomplished by
assays were performed. The first assay, referred to as thenserting three unique restriction siteéha, Sal, andKpnl,
standard flavin injection assay, consists of the rapid injection in the luxA gene at approximately equal intervals in the last
of 1 mL of 50 uM catalytically reduced FMNHKinto a 1 half of the gene so that the corresponding DNA fragments
mL mixture containing the luciferase and 0.001% aldehyde from PP luxA could be transferred. Alignment of the
dispersion in 50 mM phosphate buffer, pH 7.0, and 0.2% sequences in the carboxyl-terminal half of LuxA shows that
bovine serum albumin (BSA). The second assay, known as32 of 68 residues (47%) replaced in LuB\ 23 of 68
the dithionite assayl@), consists of the rapid injection of 1  residues (34%) replaced in Lux®, and 18 of the 52 residues
mL of a 0.01% aldehyde suspension in 50 mM phosphate (35%) replaced in LuxAB were different than those present
buffer, pH 7.0, inb a 1 mLmixture containing the luciferase in the parent XL luciferase (Figure 2B).
and 50uM FMNH kept reduced by the presence of 2 mM The three-dimensional crystal structure \¢f hareyi
sodium hydrosulfite and buffered with 50 mM phosphate luciferase, which has 85% sequence identity to XL luciferase,
buffer, pH 7.0, and 20 mMB-mercaptoethanol. Dithionite  and thus can serve as a structural model for the XL-based
assays showing stimulation of luminescence by sulfate ionschimeras, is shown in Figure 2C to illustrate the substituted
were performed by adding the required amount of dianion portions in LuxAB (yellow), LuxA,B (green), and LuxAB
into a 1 mL luciferase-riboflavin mixture except only 10  (red). The region replaced in LuxB includes threg-strands
mM phosphate was used as buffer. The decay rate of the(fs, Ss, andj;) and twoo-helices (s andog) while that in
hydroperoxyflavin intermediate was determined by injecting LuxA,B includes the protease-sensitive loop flanked by two
1 mL of catalytically reduced FMNKinto a 1 mLsolution o-helices (7o and o7,) and a small three-residygstrand
containing luciferase in 50 mM phosphate buffer, pH 7.0, (575). The modified region in LuxAB comprises two
and 0.2% BSA, followed by a timed injection of 1 mL of a-helices (; andas) flanking a five-residugs-strand fs).
0.001% decanal in 50 mM phosphate buffer, pH 7.0. In both LuxA:B and LuxAsB, the modified regions are
All luminescence assays were conducted at room temper-located on the periphery of the upper portion of LuxA, well
ature (234 2 °C). The rate of luminescence decay was separated from contact with LuxB, while the substituted
determined from the time elapsed between 80% and 40% of-strands in LuxAB extend into the inner portion of LuxA.
the maximum light intensity. Specific activities of the In Vivo Luminescence of Chimeric Constructable 1
luciferases were expressed as LU/mg. One LU is equivalentgives the in vivo luminescence &. coli cells expressing
to 3.6 x 10° quanta s' based on the light standard of the different hybrid and chimeric luciferases relative to that
Hastings and Webe2B). In vivo luminescence irkE. coli of the parent XL luciferase (LUxABE. coli cells containing
cells was measured immediately after vortexing-lof neat the chimeras LuxAB and LuxAsB have 31% and 9%,
decanal into 1 mL of cell culture. The light intensity was respectively, of the light intensity d&. coli cells with the
measured on a custom-built luminometer equipped with an parental luciferase while cells with LuxB had very low
XY recorder with a built-in time base. light emission (0.03%). Activity could not be detected in a
Steady-State Fluorescence Measuremehlisorescence  chimera with all three regions replaced with PP luciferase
studies were performed on a Hitachi F-3010 fluorometer (LuxA;—3B). Expression of hybrid chimeras with XL LuxB
equipped with a 150 W xenon short-arc lamglan5 mm replaced byP. phosphoreurn(PP) orP. leiognathi(PL) LuxB
path length quartz cuvette. The wavelength dispersion wassubunits decreased luminescence by at least 15-fold. There-
3 nm for excitation and 5 nm for emission, and the excitation fore, only the active chimeras with XL LuxB (Lux®8,
wavelength was 296 nm. The samples were incubated in 50LuxA,B, and LuxAsB) were extracted from the cells and
mM phosphate buffer, pH 7.0, and 20 m§4mercapto- investigated further.
ethanol at 25+ 0.2°C. The determination of the dissociation Thermal Stabilities of Chimeric Luciferaséghe thermal
constant for FMN was determined from decreases in the stabilities of XL and PP luciferase are remarkably different.
intrinsic protein fluorescence, monitored at 340 nm, upon At 35 °C, XL luciferase is completely stable while PP
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A) EcoRI Xbal  Sall Kpnl BamHI Pstl
Residue Number 166 233 303 355
— XL
. . . . T LuxA;B
o Subunit B Subunit 3 LuxAB
B LuxA;B
B) C)
150 160 170 150
LuxA,B  IKFHKVKVNP AAGSRKI—P T CMTAESAVIT TWLAERGLPM
LuxA;B  IKFHKVKVNP AAGSRGGAPY YVVAESASTT EWAAQFGLPM
LuxA;B  IKFHKVKVNP  AAGSRGGAPY YVVAESASTT EWAAQEGLPM
XL LuxAB IKFHKVKVNP  AAYSRGGADPY YVVAESASTT EWAAQFGLPM
190 200 210 220
LuxAB  VLSWITTSE  KKAQMELYNA VARDSG YSEE YIKNVDHSMT
LuxA;B  ILSWIINTNE  KKAQ LELYNE VAQEYGHDIH Nl——10D HC 1.8
LuxA;B [LSWIINTNLE KEAQ LELYNE VAQEYGHDIH N DHCLS

XL LuxAB [LSWIINTNE  KKAQ LELYNE VAQEYGHDIH - Nl—1D HC LS

230 240 250 260
LuxA;B LICSVDHD SI - KAKE ICRKFL. GHWYDSYVNA TTIFDDSDOQT
LuxA;B YITSVDEDGK  KAEDVCREEFL GNWYDSYVNA TNIFSESNQT
LuxA;B YITSVDHIY ST KAKE ICRKFL  GHWYDSYVNA TTIFDDSDOT
XL LuxAB YITSVDHD 8 KAKE ICRKEL. GHWYDSYVNA TTIFDDSDOT

270 280 290 300
LuxA;B  RGYDENKGOW RDEVLKGHKD TNRR IDYSYL  INPVGTPQEC
LuxA:B  RGYDYHKGOW KDFVLQGHTN TKRRVDYSND INBVGTPQLEC
LuxAsB  RGYDENKGOW RDEVLKGHKD TNRR IDYSYL  INPVGTHERE
XL LuxAB RGYDENKGQW RDIVLEKGHKD TNRR IDYSYLE  INPVGTPQEC

310 320 330 340
LuxAB [DIQKDIDA TGISNICCGE  EANGTVDEI  ASMKLEFQSDV
LuxA;B  IDHQKDIDA  TGISNICCGE  EANGTVDEI  ASMKLEFQSDV
LuxA;B
XL LuxAB [DIQKDIDA TGISNICCGE  EANGTVDEN  ASMEKLIQSDV
350 360

LuxA,B MPFLKEKQRS  LLY*
LuxA;B MPFLKEKQRS LLY*
LuxA;B

XL LuxAB MPILKEKQRS

Ficure 2: Structural representations of the chimeric luciferases. (A) Restriction diagram illustrating the construction of the chimeric luciferases.
The restriction sites foxXba, Sal, andKpnl were introduced into the second half of thesubunit of XL luciferase at the residues indicated.

The chimerica subunits were generated by substituting the equivalent regionsRrgsghosphoreunmto the appropriate restriction sites.

The chimeras thus generated are referred to as EBxBuUxA,B, and LuxAgB. (B) Sequence alignment of the Lux® (yellow), LuxA,B

(green), and LuxAB (red) chimeras with the sequence of the native XL LuxAB. The colored portions represent the substituted sequence
of PP luciferase in XL LuxAB. The protease-sensitive loop is underlined. (C) Three-dimensional structure of the luciferagibdrimm
harveyi used as a representative model of the chimeric luciferases. The portions in yellow;B)ugfeen (LuxAB), and red (LuxAB)
represent the parts of the molecule originating frBmphosphoreunin each respective chimera. The arrows denote the location of the
restriction sites used in the construction of the chimeras.

luciferase is inactivated at a rate of 1.8 mir(Figure 3). Table 1: Luminescence d&. coli Cells Containing Chimeric
IndeedP. phosphoreurapecies are generally found at colder Luciferase3
temperatures in mid to deep waters of the ocean wkKile luciferase o subunit £ subunit % activity
luminescenss terrestrial, living in nematodes and insects
; B . LuxAB XL XL 100

(25, 26. Analysis of the thermal stabilities of the chimeras | ;yAB,.. XL PP 38
at 35 °C showed that the Lux8 chimera had become LuxABp, XL PL 0.03
almost as labile as PP luciferase (2.7 mi)nwhile the LuxA:B XL-APPR XL 0.03
LuxA,B and LuxAsB chimeras remained very stable with ~ LuxAiBee XL-APR PP -

t tants for inactivation at 36 over 300-fold | LU Do, JL-APh Pr N
rate constants for inactivation a over -fold lower LuxA,B XL-APP, XL 31
than that for PP luciferase. LuxA:Bpp XL-APR PP 2

Dependence of the Decay Rate of Luminescence on LuxA:Be XL-APP PL -
Aldehyde Chain LengttiThe decay rates of luminescence tﬂi?g §t:22% >F§'F-> 90 2
for the parental and chimeric luciferases with dodecanal are LuxAzBEf XL-APP, PL =
compared in Figure 4. As free FMNFs chemically oxidized LuxA;_sB XL-APP_3 XL =
in the first second of this assay, the initial maximum in
luminescence 1[0)] due to the enzymeflavin complex a XL, Xenorhabdus luminesceri2P,Photobacterium phosphoregim

: b g PL, Photobacterium leiognathSegments of PP luciferase inserted in
decays exponentially with time(p)]. LuxAsB and Lux/sB he XL a subunit are indicated bAPP with the adjoining numbers

have rate constants for luminescence decay of 0.028 antqresponding to the regions depicted in Figuré B vivo lumines-
0.035 s, respectively, very similar to the rate constant for cence of 1 mL ofE. coli cells containing the respective luciferases
decay of the parental XL luciferase (0.027%)s The rate grown at 30°C to an OLso nmOf 2.5 or greater. The activity is expressed
constant for luminescence decay of the chimera LixA @S LU/ODso nni the control LuxAB had an activity of 2.6 LU/Qfe
(0.077 s1) is much more rapid and comparable to that of ™™ (7) Luminescence activity not detected.
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Aldehyde Chain Length
0.1 r : : . T Ficure 5: Decay rates of luminescence as a function of aldehyde
0 0. chain length. The rate of decay for XL luciferase is similar to that
S 1 15 2 25 3 of the chimera LuxAB, and comparable to that of the chimera
Time (min) LuxA3B. The decay rates for PP luciferase and LyRAare much

L faster than the other three enzymes. The decay rates were
FiGURe 3: Thermal stabilities of the chimeric and parental yetermined with the standard assay.

luciferases. The luciferases were incubated in 50 mM phosphate,

pH 7, containing 20 m\B-mercaptoethanol at 38 and aliquots - . . .
assayed with time. The PP luciferase and LuBAre remarkably Specific Actiities and Quantum Yields as a Function of

similar with an inactivation half-time of less than 30 s. In contrast Aldehyde Chain Lengtiis both LuxAB and LuxAsB were
(inset), the parental XL luciferase, LuxB, and LuxAsB all show stable and had good activity in extracts, these chimeras could
greatly improved thermostabilities. be purified to homogeneity. Table 2 gives the specific
activities and quantum efficiencies with different aldehydes;
LuxA,B had 34-76% of the specific activity and 2846%

of the quantum vyield while LuxB had 7~30% of the
specific activity and 1532% of the quantum yield of XL
luciferase depending on the aldehyde chain length. These
results indicate that the catalytic efficiency on replacement
of a large number of amino acid residues in the carboxyl-
terminal regions is not compromised to a large extent. The
lower specific activities (#10%) with nonanal, decanal, and
undecanal for LuxAB but the higher quantum yields (20
25%) compared to those with XL can be directly correlated
with the differences in decay rates between XL luciferase
and LuxAgB noted in Figure 5.

Dependence of the Decay Rate of Luminescence on
Time (sec) Aldehyde ConcentrationThe responses of the chimeric
FiGURE 4: Decay of luminescence of the nati%e luminescens  luciferases to increasing decanal concentrations are shown
andP. phosphoreurtuciferases and of the three chimeric luciferases jn Figure 6. The parent XL luciferase and the chimeras
LuxA;B, LuxA;B, and LuxAsB with dodecanal, using the standard LuxA,B and LuxAB show maximum activity between 10

assay. The native XL luciferase and the chimera LyBhave the .
slowest decay rates while the native PP luciferase and the chimera@d 30uM decanal although the latter chimera has a weaker

LuxA1B show markedly faster turnover rates. The chimera La&xA  response at lower aldehyde concentrations than the other two
has an intermediate rate of decay. luciferases (Figure 6A). In contrast, the remaining chimera,
PP luciferase (0.2678), implicating the region substituted LuxA3B, and PP luciferase require higher aldehyde concen-
with PP LuxA (residues 166233) in controlling the decay  trations for maximum activity¢100 and 25Q:M, respec-

of the EFOA intermediate and light emission. Further support tively), and inhibition of activity occurs at much higher
for this conclusion was obtained by measuring the decay ratesdecanal concentrations. The dependence of the rates of
of the chimeras with other fatty aldehyde substrates (Figure luminescence decay on decanal concentration is shown in
5). The rate constants for luminescence decay for LBA Figure 6B. The decay rates for the parental XL luciferase
with octanal, nonanal, decanal, and undecanal as well asand the LuxAB chimera are very similar, increasing at
dodecanal closely parallel the corresponding rate constantshigher decanal concentrations and contrasting sharply with
for PP luciferase. In contrast, the rate constants for the otherthose of PP luciferase. The rate of luminescence decay for
two chimeras, LuxAB and LuxAgB, are similar to those for ~ LuxA3B is slower and only shows a small increase in decay
the parental XL luciferase. Interestingly, the substituted rate with increasing decanal concentration. In sharp contrast,
region in the chimera, Lux#B, has resulted in slower rates the LuxAB chimera shows a remarkably similar pattern to
of luminescence decay for nonanal, decanal, and undecanaPP luciferase with the decay rate decreasing at high aldehyde
than the corresponding decay rates for XL luciferase and concentrations. Particularly noteworthy is that the decay rate
generated a luciferase with decay rates relatively independenbf the “fast” PP luciferase is actually lower than that of the
of aldehyde chain length. “slow” XL luciferase at high decanal concentrations.

1 T

1(t)/I(0)
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Table 2: Specific Activities and Quantum Yields of the Purified Chimeras L.Bxand LuxAsB as a Function of Aldehyde Chain Length

aldehyde chain LuxA-B LuxAsB
length specific activity quantum yield specific activity guantum yield
8 5.8 x 10'? (45F 9.3 x 101 (24) 2.3x 10%2(18) 5.9x 101 (15)
9 4.5x 10 (50) 1.8x 10" (46) 7.7x 1012(8) 9.2x 10'3(24)
10 4.8x 101 (44) 1.7x 10%(44) 7.3x 1012 (7) 9.9x 10'%(25)
11 1.6x 1013 (76) 1.2x 104 (34) 2.0x 10*2(10) 7.0x 1013 (20)
12 4.8x 10'?(34) 7.6x 101 (20) 4.2x 10%?(30) 1.2x 10*(32)

aThe specific activities of XL luciferase with octanal, nonanal, decanal, undecanal, and dodecanal wedO®, 3.1 x 10'3, 1.1 x 10", 2.1
x 101, and 1.4x 10 quanta s* mg. P The total quantum yields of XL luciferase with octanal, nonanal, decanal, undecanal, and dodecanal were
3.9 x 10* 3.9 x 10* 3.9 x 10" 3.5 x 10" and 3.8x 10" quanta mg™. ¢ The numbers in parentheses represent percentages relative to XL
luciferase with the same aldehyde.
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1 Ficure 7: Decay rates of the EFO intermediates of parental and

chimeric luciferases. The decay rates of the EFO intermediate of
PP luciferase and Luxf are very rapid relative to those of XL
luciferase, LuxAB, and LuxAsB. The assay was carried out by
the injection of 1 mL of 5QuM catalytically reduced FMNHKlinto

a 1 mL mixture of the enzyme in 50 mM phosphate buffer with
0.2% BSA, and 1 mL of 0.001% decanal was injected at
subsequently timed intervals.

B) ]

The derivation of this equation presumes that the decay rate
constantsl{_ andkp) are much smaller than the rate constants
for the binding and release of aldehyde, a reasonable
assumption in view of the very slow turnover of the enzyme.

. -1
Luminescence Decay (sec )
(=2
=

111k

0.01 +———rr——— e Under these conditions, the rate constant for decay of
0.0001 0.001 0.01 0.1 1 luminescencekr, should remain close to first order at all
Aldehyde Concentration (mM) aldehyde concentrations, a result consistent with experimental

FiGURE 6: Dependence of the intensity and decay rate of lumi- Observations. At high aldehyde concentratioAsX Ka), kr
nescence on decanal concentration. (A) Dependence of the maxi—= ki, and at low aldehyde concentrationg, < A), kr = kp
mum luminescencel(o)] on decanal concentration. The native with K,= Awhenk; = (kp + k.)/2. Consequently, the EFOA
luciferase XL and the two chimeric luciferases Luiand Lux/B complex decays primarily via EFO without emission of light
have optimal responses at 6.0.3 mM decanal and are inhibited . . .
at concentrations above 50V, and differ markedly from the a; low aldehyde concent_rat|on and. via the excited state at
responses of the PP luciferase and from the chimera LBxB) high aldehyde concentration. A relatively constant decay rate
Dependence of the decay rates of luminescence on decanalwith changing aldehyde concentration for a chimera would
ggtnviggtnra:ihoons-eTgf SEXCEV ;g&e fJx)éLBlu\(/:\/iift?wratwsiehi:ri?;;?egtiate suggest thaktp andk_ must be of similar magnitude for this
increasing decanal concentrations. The'decay ra?es of PP Iuciferasé:ucnteralse and a particular aldehyde. .
and LuxAB are markedly higher at low aldehyde concentrations  D€cay of the EFO Enzyme Intermediais. a measure of
and decrease at high decanal concentrations. the validity of the above equation, the decay rate of the
intermediate enzymeflavin complex EFO formed prior to
aldehyde binding was directly measured (Figure 7). The
decay rates for the EFO compléig) of PP luciferase (0.64
s1) and LuxAB (0.82 s!) are very similar and much higher
than the decay rate for the EFO complex of XL luciferase
(0.032 s1). In contrast, the decay rates of the EFO complex
kr = (K A+ koK )I(K, + A) for the chimeras LuxAB (0.097 s?) and LuxAgB (0.045

s™1) are much more closely related to that of the parental

whereKj, is the dissociation constant for the aldehyde, A. XL luciferase. These values agree closely with the rate

The first-order decay of luminescence in these experiments
is directly related to the decay of the EFOA intermediate.
Consequently, the rate constant for luminescence déggay (
can be related to the rate constants for de&aydkp) for
the light and dark pathways (see Figure 1) by the equation:
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Table 3: Activity with Flavin Analogues

% activity?
luciferase carboxypentylflavin riboflavin riboflavitt 0.8 M SQ?~
XL 60 4 25
PP 0.4 <0.3 <0.2
LuxA1B 1 3 11
LuxA2B 9 0.05 1
LuxAsB 27 0.2 4

a Activities were measured as the maximum light intensity in the
dithionite assay on injection of 1.0 mL of 0.01% decanal into phosphate
buffer, pH 7.0, containing 5@M reduced flavin and are reported as
percentage of the activity with FMNH

constants measured for EFOA decay at very low decanal
concentration (Figure 6B), i.e~0.05 st for XL luciferase

and LuxAgB, 0.13 s for LuxA;B, and 0.75 st for both PP
luciferase and Lux4B. This result explains why the turnover
rate kr) for luminescence at different decanal concentrations
for LuxA3B is constant akp andk, have very similar values
(0.05 sY). This equation also provides a valid description

of luminescence decay even at nonsaturating aldehyde

concentrations and allows measurements of not kngnd
k. but alsoKa.

Flavin Specificity and InteractionsThe XL and PP
luciferases differ considerably in their abilities to function
with FMNH, analogues. The XL luciferase has reasonably
good activity (4-60%) with both reduced carboxypentylfla-
vin and riboflavin while PP luciferase has very low activity
with these FMN analogues<(Q.4%) compared to that with
FMNH, (Table 3). Two of the chimeras, LuxB and
LuxAs3B, retained a reasonable level of activity with reduced
carboxypentylflavin (9-27%) but have very low activities
with riboflavin (0.05-0.2%). In contrast, the Lux#B
chimera had relatively high activity with riboflavin and low
activity with carboxypentylflavin. The differential activities
of the chimeras with the flavin analogues suggest that
residues close to the carboxyl terminal of LuxA are important
for interaction with the flavin ring while the negatively
charged groups on carboxypentylflavin and FMN bind
outside this region. A large stimulation (3Q0-fold) of
activity of LuxAzB and LuxAgB with riboflavin by the sulfate
dianion (Table 3), which can act in an autosteric manner
with riboflavin to partially mimic FMN @7), can readily be
observed. This stimulatory effect by sulfate occurs with XL
but not PP luciferase (Table 3). The activity of the LyA
chimera with riboflavin is stimulated to a lesser degree by
sulfate (<4-fold), indicating that this region might be partially
involved in binding the negatively charged moiety.

To analyze the interactions with flavin more directly, the
dissociation constantK{) for FMNH, and reduced car-
boxypentylflavin were measured in the dithionite assay. Table
4 shows that th&gs for FMNH, were similar for XL LUuxAB
and PP LuxAB as well as the chimera LwB\ In contrast,
the chimeras LuxAB and LuxAsB had much higher dis-
sociation constants for FMNH indicating again that the
carboxyl-terminal region interacted with flavin. Similar
results were obtained with reduced carboxypentylflavin, with
both LuxA:B and LuxAsB having higher flavin dissociation
constants than that of XL luciferase. Dissociation constants
could not be measured for reduced carboxypentylflavin for
PP luciferase or the chimera Lux® due to their low
activities with this flavin analogue compared to FMphH

Table 4: Dissociation Constants for FMNldnd Reduced
Carboxypentylflavin

luciferase KA(FMNH,) («M) Ky(COO—-FMNH>) («M)
XL 1.4 1.1

PP 1.3 —b

LuxA;B 1.7 —b

LuxA.B 7 4

LuxAsB 11 23

a All the reportedKy's were determined by curve fitting with the
software Enzfitter® Not measured due to low enzymatic activity.
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Ficure 8: Fluorescence spectra of the native and chimeric
luciferases showing their different affinities for FMN. The native
enzymes alone (solid lines) give approximately the same fluores-
cence yield and are normalized to 100%. The addition ofil¥D
FMN in the presence of 50M myristic acid (dotted lines) quenches
the fluorescence of XL luciferase to a much greater extent than
that of the other luciferases. The protein concentration walsl2

and the enzymes were buffered in 50 mM phosphate, pH 7, and 20
mM S-mercaptoethanol.

To investigate the interactions of LuxB and LuxAsB
with flavin directly, the quenching of the intrinsic fluores-
cence of the purified chimeric and parental luciferases by
FMN was compared. Figure 8 shows the emission spectra
of the luciferases are very similar and that the quenching by
FMN is much weaker for the chimeras and the PP luciferase
than the parental XL luciferase. The fluorescence of XL
luciferase is quenched by 40% by FMN while the fluores-
cence of chimera Lux/ and PP luciferase are quenched
to the same extent (10%) with the Luy® chimera being
guenched the least (5%). The lower extent of quenching
reflects a weaker binding of FMN as the quenching of PP
luciferase and the two chimeras can be increased by adding
higher concentrations of FMN. Calculation of the dissociation
constants for FMN from the fluorescence quenching at
different FMN concentrations showed that tKg(FMN)
values for LuxAB and LuxAsB were substantially higher
(30uM and 80uM, respectively) than that for XL luciferase
(4 uM) and quite similar to that for PP luciferase (4M).
This result shows that flavin interactions are weakened in
both the LuxAB and LuxAsB chimeras.

DISCUSSION

Previous work on bacterial luciferasg9, 29 has estab-
lished that the catalytic properties are primarily dictated by
the LuxA subunit in the heterodimeric enzyme (LuxAB).
Hybrid luciferases containing subunits from different species
have been shown to have catalytic properties almost identical
to the parental luciferase containing the same LuxA subunit
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(20, 29 even though the LuxB subunits could differ in amino located outside the LuxA carboxyl-terminal regions.

acid sequence at well over 100 positions. The generation of The properties of the third chimera, Lux® were
luciferases with chimeric LuxA subunits provides an alternate remarkably different from the other two chimeras and
approach with the potential of defining the region within surprisingly, in many aspects, closely resembled the proper-
LuxA containing the key residues controlling the catalytic ties of PP luciferase even though over 90% of the chimera
properties. This approach is useful as specific residues or(or 80% of LuxA) was composed of XL luciferase. The most

regions in LuxA have not yet been implicated in the chemical
mechanism for the light-emitting reactior2d, 30 and
luciferase with bound substrates has not been crystallized
(4).

The crystal structure of luciferase shows that both the
LuxA and LuxB subunits are eight-strandedp barrels 8,
4). Close subunit contacts occur between theand oz
helices in each subunit as well as with hairpin loops between
the a4 helix andpgs strand in both subunits which lie at the
subunit interface. To avoid disruption of the subunit contacts,
chimeric X. luminescen&uxA subunits were generated by
replacing segments of the last half of the eight-strangied
barrel with sequences frof. phosphoreunbuxA, whose

notable property of LuxAB was its rapid rate of lumines-
cence decay compared to that of XL luciferase. The fast
decay rate arose from a low aldehyde binding affinity and a
rapid rate of decay of the EFO complex via a dark pathway.
Both these latter properties of LuxB closely paralleled the
same properties of PP luciferase. Indeed, the rate of decay
of luminescence at low decanal concentration could be
equated to the rate constant for decay of decomposition of
EFO by a dark pathway. The difference between the fast
luminescence decay with PP luciferase or LuBAon one
hand, and the slow decay of XL luciferase, Ly®A and
LuxAsB with decanal, on the other, indicates that the
substituted region in Luxf encompasses the key residues

sequence and enzymatic and physical properties have(166—-203 of LuxA) involved in aldehyde binding and the

extensively diverged from those ¥f luminescenkiciferase.
Three chimeric luciferases were generated: the chimera
LuxA1B had thefds-as-fSs-06-07 region replaced; the chimera
LuxA,B had a 71 amino acid loop between thge strand
and theay helix replaced; and the chimera Luxhad the
carboxyl-terminabi-fs-0s Segment replaced. The sequence
in the loop region replaced in LuxB is composed of an
o-helix, a7, and gs-strand 57, flanking a disordered region
that can be protected from proteolytic cleavage by FMNH
(3, 9.

Despite substitution of about one-sixth of the sequence of
XL LuxA by PP LuxA in LuxA;B and LuxAgB, these
chimeras retained properties very comparable to those of XL
luciferase including thermal stability, decay rates via both
light and dark pathways, and dependence of activity on type
and concentration of fatty aldehyde. The most distinct

mechanism of turnover of the EFO and EFOA intermediates.
A striking similarity between the luminescence decay rates
of LuxA;B and PP luciferase with aldehydes of different
chain length greatly strengthened this conclusion.
Analyses of the thermal stabilities also showed that the
LuxA;B chimera and PP luciferase had very similar proper-
ties with the inactivation rates at 3% being very rapid
and over 300 times faster than those for chimeras LBxA
and LuxAgB. Interestingly, both sets of properties (thermal
lability and “fast” decay rates) are characteristic of luciferases
from the Photobacteriungenus while thermal stability and
“slow” decay rates are characteristic of luciferases from the
XenorhabdugPhotorhabdusgenus and/. harveyi species.
Although there were major changes in most properties for
the LuxA.B, changes directly rated to flavin binding were
much less pronounced. In particular, thkg for FMNH,

changes in the properties of these two chimeras were ayemained low for the LuxAB chimera, and its ability to

decrease in interactions with both oxidized and reduced
flavins and a relative loss of activity with riboflavin.
However, the activities with riboflavin for both Lux8 and
LuxA3B could be strongly stimulated by exogenous sulfate,
which partially replaces the phosphate missing in riboflavin
but present in FMNZ7). This result suggests that the region
involved in binding the phosphate of FMNIi$ not located

in the carboxyl-terminal regions as sulfate does not stimulate
the activity of PP luciferase with riboflavin. Although the
phosphate binding site for FMN is located near the loops
connecting the last tw@-a units for most g/o)s barrel
flavoenzymes, such as glycolate oxidase, flavocytochrome
by, and trimethylamine dehydrogena&i{33), the crystal-
lographic data foV. harveyi luciferase indicated that an
electron-dense site in the region of thgas loop was the
phosphate binding sitd), Even though the substituted region
in LuxA;B encompasses thgés-as loop, sulfate can still
stimulate to some degree the activity of LwBA with
riboflavin, suggesting binding contributions by residues
outside this region. These results do indicate, however, that
the carboxyl-terminal regions in the last one-third of LuxA
affect the binding of flavin by interacting with the flavin
ring of FMN and not with the phosphate residue. Moreover,
the key residues involved in controlling turnover and
properties defining “slow” and “fast” decay luciferases are

function with riboflavin was much better than the other two
chimeras.

These results have thus implicated the carboxyl-terminal
regions extending from the end of tfie strand through the
flexible loop to the carboxyl-terminal of LuxA in interaction
with the flavin ring. In contrast, the central region extending
through theBs-os-f6-ats-7 region controlled the interactions
with different aldehydes as well as the decay of the EFO
and EFOA intermediates. The differences in amino acid
sequence in the central region between the “slow” XL
luciferase and the “fast” PP luciferase appear to be the
primary reason for luciferases being classed into two major
groups with different decay rates.
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