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Xenorhabdus luminescens HW is the only known luminous bacterium isolated from a human (wound) source.
A recombinant plasmid was constructed that contained the X. luminescens HW luxA and luxB genes, encoding
the luciferase a and j subunits, respectively, as well as luxC, luxD, and a portion of luxE. The nucleotide
sequences of these lux genes, organized in the order luxCDABE, were determined, and overexpression of the
cloned luciferase genes was achieved in Escherichia coli host cells. The cloned luciferase was indistinguishable
from the wild-type enzyme in its in vitro bioluminescence kinetic properties. Contrary to an earlier report, our
findings indicate'that neither the specific activity nor the size of the a (362 amino acid residues, Mr 41,389) and
1B(324 amino acid residues, M, 37,112) subunits of the X. luminescens HW luciferase was unusual among
known luminous bacterial systems. Significant sequence homologies of the a and ,B subunits of the X.
luminescens HW luciferase with those of other luminous bacteria were observed. However, the X. luminescens
HW luciferase was unusual in the high stability of the 4a-hydroperoxyflavin intermediate and its sensitivity to
aldehyde substrate inhibition.

Most of the known luminous bacteria are of marine origin
and fall within two genera, Vibrio and Photobacterium
(references 13 and 23'and references therein). Luciferases
from the marine bacteria Vibrio harveyi, Vibrio fischeri,
Photobacterium leiognathi, and Photobacterium phos-
phoreum are all a1 heterodimers (14, 19, 25), with molecular
weights of approximately 40,000 for a and 37,000 for P3. For
the former three species, the luxA and luxB genes, encoding
the luciferase a and P subunits, respectively, have been
sequenced (4, 9, 15, 17).
A few nonmarine luminous bacterial species have also

been identified (13, 23); among them are Xenorhabdus lumi-
nescens Hb and Hm, both of which are insect-pathogenic
symbionts with nematodes of the family Heterorhabditidae
(24, 27, 30). The luciferases from X. luminescens Hm and Hb
have identical a subunits and only a single different amino
acid residue in the P subunit. Moreover, they are similar in
specific activity and subunit sizes to and have significant
sequence homology with luciferases from marine luminous
bacteria (16, 27, 29). The luxA and luxB genes from these two
X. luminescens strains differ by only one and two bases,
respectively (16, 29). In fact, the known sequences of the lux
operon, starting with the last 142 bases of luxD through the
first four bases of luxE (with luxA, luxB, and noncoding
regions in between) show 99% identity for X. luminescens
Hm and Hb (16, 29).
A different luminous strain of X. luminescens has been

isolated from a human wound (8), now designated strain
HW. Some unusual properties have been reported for this
strain and its luciferase (5) in comparison with all other
known luminous bacteria, including X. luminescens Hm and
Hb. X. luminescens HW bioluminescence activities both in
vivo and in vitro have been found to be substantially lower in
intensity but higher in optimal temperature than those of
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other luminous bacterial systems. The in vivo biolumines-
cence of X. luminescens HW was optimal at 37°C and
reached a peak intensity of about 1.2 quanta/s per cell at
37°C, approximately 1,000 times lower than that of V.
harveyi at 25°C. The X. luminescens HW luciferase in vitro
activity, optimal at 40°C, was' also about 30-fold lower than
that of the V. harveyi luciferase. Moreover, the X. lumi-
nescens HW luciferase has been reported to have molecular
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FIG. 1. Physical map of the recombinant plasmid pTX10. A

5.6-kb fragment of X. luminescens HW DNA was inserted into the
BamHI site of pBR322. This DNA insert contained X. luminescens
HW luxCDAB and part of luxE. Sites accessible to cutting by 12
restriction enzymes are shown.
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GTGAAATGCCCTA?TAAATGGATGGCAAATATGCCACCAAAAATTTCATTCATTATTAACGGTCGAGTTGAAATATTTCCTGAAAGTGAT 60
K P P K IS F I I N G R V Z I r P Z S D

GATTTAGTGCAATCCATTAATTTTGGTGA!AATAGTGTTCATTTGCCAGTATTGAATGASTCTCAAGTAAAAAA CTATTGATTATAAT 150
D L V Q S I N r G D N S V I LP V LN D S Q V X N I I D Y N

GAAAATAATSGAATTGCAATTCGCATAACATTATCAACTTTCTCTATACGGTAGGGCAACATGAAATAGATTTARAGCG
Z N N Z L Q L E N I I N F L Y T V G Q R WKNX IZ Y S R R R

CCATATATTCGTGATCCTA'AAAGATATATGGGATATTCAGAAGAATGGCTAAGCTAGAGGCCAATCGGATATCTATGATTTTGTGCTCT
P Y I R D P X X I Y G I F R R K A X L Z A N R I S K I L C S

AAAGGTGGCCTTTATGATCTTGTAAAAAATGAACTTGGTTCTCGCCATATTATGGATGAATGGCTACCTQAGCATGAAAGTTATATTAGA
X G G L Y D L V KXNZ L G S R 2 IK D Z W L P Q D Z S Y I R

GCSTSTCGAGAKATCCGAGAAATCACGATGTGTxACGGGAWG=CAA=ACTGGSCGWGCTGTCATATTGCTGCGATTTTAACAAA
A F P X G X S V N L *L T G N V P L S G V L S I L R A I L T X

AATCAATGCATTATAATAACC!CATCAACTGATCCTTTTACCGCTAATGCATTAGCGCTAAGTTTTATCGATGTGGTCCCTCATCATCCG
N Q C I I X T 8 S T D P F T A N A L A L S F I D V V P N I P

GTAACGCGATCTTTGTCAGTcGTAGAaTGGcAAcATcAAGGcGATTAa!CACTCGCAAAAGAGAT!ATGCAACATGCGGA!G!CGTTGTT
V T R S L S V V D W Q E Q G D I S L A XK I K Q U A D V V V

GCTTGGGGAGGGGAAGATGCGATTAATTGGGCTGTAAAGCATGCACCACCCGATATTGACGTGATGA&GTTTGGTCCTA AAAGAGTTTT
A N G G Z D A IN N A V X N A P P D I D V K x F G P x x s F
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TGTATTATTGATAACCCTGTTGATTTAGTATCCGCAGCTACAGGGGCGGCTCATGA!GTTTGTTTTTACGATCAGCAAGCTTGTTTTTCC 870
C I I D N P V D L V S A A T G A A H DV C F Y D Q Q A C F S

ACCCAAAATATATATTACATGGGAAGTCATTATGAAGAGTTTAAGCTAGCGTTGATAGAAAAATTGAACTTATGCCATATSATTACCA
T Q N I Y Y K G S N Y Z Z F X L A L I I X L N- L Y A I I L P

960

AACACCAAAAAAGATTTGATGAAAAGGCGGCCTA!TCCTTAGTTCAAAAAGAATGTTTATTTGCTGGAT!AAAAGTAGAXGGTGATGTT 1050
N T X X D r D Z X A A Y S L V Q X Z C LF A G L X V Z V D V

CATCAGCGCTGGATGGTTATTGAGTCAAATGCGGGTGTAGAACTAAATCAACCACTTGGCAGATGTGTGTATCTTCATCACGTCGATAAT 1140
E Q R WW V I Z S N A G V Z L Q P L G R C V Y L N I V D N

ATTGAGCAAA!ATTGcCTATG!GCGAAAAAA"TAAAACGCAAACCATATCTG!TTTTCCTTGGGAGGCCGCGCTTAaGTATCGAGACTTA 1230
T Z Q I L P Y V R KXNX T Q T I S V F P W Z A A L X Y R D L

TTAGCATTAAAAGGTGCAGAAAGGATTGTAGAAGCAGGAATGAATAATATATTTCGGGTTGGTGGTGCTCATGATGGAATGaGACCTTTA
L A L X G A Z R I V Z A G K N N I F R V G G A N D G K R P L

1320

CAACGATTGGTGACATATATTTCCCATGAAAGACCATCCCACTA!ACTGCTAAAGATGTTGCGGTCGAAATAGAACAGACTCGATTCCTG 1410
Q R L V T Y I S a Z R P S I Y T A x D V A V Z I Z Q T R F L

GAAGAAGATAAGTTCCTGGTATTTGTCCCATAATAG
Z E D K F L V F V P * *

FIG. 2. Nucleotide sequence of the X. luminescens HW luxC gene and deduced amino acid sequence. The upstream nucleotide sequence
is also included. Stop codons are marked by asterisks. Abbreviations for amino acids: G, glycine; A, alanine; V, valine; L, leucine; I,
isoleucine; S, serine, T, threonine; C, cysteine; M, methionine; D, aspartic acid; N, asparagine; E, glutamic acid; Q, glutamine; H, histidine;
R, arginine; K, lysine; F, phenylalanine; Y, tyrosine; W, tryptophan; P, proline. Amino acid designations are located under the first letter of
each codon.

weights of 52,000 and 41,000 for the two subunits, both being
significantly larger than the subunits of all other luciferases.
These reported unusual properties of the X. luminescens

HW system have significant molecular biological and en-
zymological implications, and this prompted us to carry out
a comparative study at the enzyme and gene levels. This
study embraced the cloning and sequencing of not only the
X. luminescens HW luxA and luxB genes but also luxC,
luxD, and a segment of luxE. The latter three genes encode
the three enzymes (fatty acid reductase, acyltransferase, and
acylprotein synthetase, respectively) that constitute the fatty
acid reductase complex responsible for the production of
tetradecanal from myristic acid as a luciferase substrate. A
system has been developed for overexpressing the cloned X.

luminescens HW luxA and luxB genes. The cloned luciferase
has been isolated and characterized. The X. luminescens
HW luciferase was found to be unusual in its sensitivity to
aldehyde substrate inhibition and the high stability of its
4a-hydroperoxyflavin intermediate, providing an intriguing
system for further enzymological studies.

MATERIALS AND METHODS

Strains and media. X. luminescens HW (5) was a generous
gift from J. W. Hastings. Cells of this strain and Escherichia
coli JM107 were grown and plated on LB or YT medium (1)
at 370C.

Molecular cloning, screening, and expression of lux genes.

J. BACTERIOL.
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GTAAAAGAATATGGAAAATAAATCCAGATATAAAACCATCGACCATGTsATTTGTGTTGGAAGAaATAGAAAAATTCATGTCTGGGAGAC
KXZ N S R Y X T I D E V I C V Z Z N R X I E V U X T

GCTGCeAAAAaGAAAATAGTCCAAAGAGAAAAAusACCCTTATTATTGCssGTGGTTTTGCCCGCAGGATGGATCATTTTGCCGGTCTGGC
L P X Z N S P X R KXNT L I I A S G F A R R N D E F A G L A

AGAGTATTTGTCGCAGAATGGATTTCATGTGATCCGCTATGATTCTCTTCACCACGTGGATTGAGTTCAGGGACAATTGATGAATTTAC
Z Y L S Q N G F H V I R Y D S L I E V G L S S G T I D E F T

AATGTCCATAGGAAAACAGAGTTTATTAGCAGTGGTTGATTGGTTAAATACACGAAAAATAAATAACCTCGGTATGCTGGCTTCAAGCTT
K S I G X Q S L L A V V ID N L N T R X I N N L G K L A S S L

S A R I A Y A S L S II N V S F L I T A V G V V N L R Y T L

CGAAAGAGCTTTAGGATTTGATTATCTCAGCTTACCTATTGATGAATTGCCAGATAATTTAGATTTGAAGGTCATAAATTGGGTGCTGA
Z R A L G Y D Y L S L P I D Z L P D N L DF z G H X L G A Z

V Y A R D C r D S G W Z D L T S T I N S K K I L D I P F I A

TTTTACTGCAAATAATGACGATTGGGTAAAGCAAGATGAAGTTATTACATTACTATCAAGCATCCGTAGTCATCAATGTAAGATATATTC
F T A N N D D W V X Q D Z V I T L L S S I R S E Q C X I Y S

TTTACTAGGAAGCTCACATGATTTGGGTGAGAACTTAGTGGTCCTGCGCAATTTTTATCAATCGGTTACGAAAGCCGCTATCGCGATG(
L L G B EB D L G Z N L V V L R N F Y Q S V T X A A I A N D

N G C L D I D V D I I NP S F Z N L T I A A V N Z R R M X I
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TGAGATTGAAAATCAAGTGATTTCGCTGTCTTAA
Z I E N Q V I S L S *

FIG. 3. Nucleotide sequence of the X. luminescens HW luxD gene and deduced amino acid sequence. The upstream nucleotide sequence
that separates luxC and luxD is included. The stop codon is marked by an asterisk.

Purification of X. luminescens HW genomic DNA was
carried out by the procedure of Ausubel et al. (1). The DNA
was partially fragmented by Sau3AI (New England BioLabs)
and ligated into BamHI-linearized pBR322 (New England
BioLabs). Recombinant DNA was transformed into E. coli
HB101 (11). Bioluminescence emission from E. coli colonies
upon exposure to decanal vapor in capped vials was detected
by a scintillation counter (Beckman LS7500). An overex-
pression plasmid (pTX12) was constructed by insertion of
luxAB into pKK223-3 (Pharmacia).

Nucleotide sequencing. Restriction enzyme fragments were
inserted into M13mpl8 or M13mpl9 (Pharmacia). Nested
deletion was carried out with a deletion kit from Pharmacia.
Synthetic primers were obtained by using a Biosearch 8600
automated DNA synthesizer. DNA sequencing was carried
out with a Sequenase kit from United States Biochemical
Corp. and a-35S-dAPT from Du Pont by the dideoxynucle-
otide method (21, 26). Sequencing data were analyzed with
software from the Genetics Computer Group (6).
Luminescence assay and luciferase purffication. In vitro

bioluminescence activities were assayed by the reduced
flavin mononucleotide (FMNH2) injection standard assay
(12). The dithionite assay method (20, 32) was used with 50
,uM FMNH2 and 0.5 mM decanal to determine the decay
constants (k) and peak light intensities (IO). The X. lumi-
nescens HW luciferase was purified from E. coli JM107
harboring pTX12 (described under Results) by'a published
method (12) with modifications. The DEAE-cellulose batch
adsorption step was replaced by column (5 by 65 cm)
chromatography. A three-stage elution was carried out with
initially about 1 liter of water, followed by 5 liters of 0.15 M
phosphate, pH 7.0, and finally a linear gradient of 0.35 to

0.50 M phosphate, pH 7.0, containing 1 mM EDTA and 0.5
mM dithiothreitol, with luciferase eluted at about 0.4 M
phosphate. The luciferase from V. harveyi was also purified
to .95% homogeneity as described before (12).
For the determination of the decay rate of the luciferase-

bound 4a-hydroperoxy-flavin mononucleotide (FMN) inter-
mediate II, this intermediate was first formed at 23°C by the
rapid injection of 0.5 ml of 0.05 M phosphate, pH 7.0,
containing 0.1 mM FMNH2 (reduced photochemically in the
presence of 1 mM EDTA) and 0 or 0.45 ,umole of dodecanol
into an equal volume of the same buffer containing V.
harveyi or X. luminescens luciferase. The stabilities of
intermediate II and the II-dodecanol complex were then
determined by withdrawing 50-,u aliquots after different
times of incubation at 23°C and injecting each into 1 ml of a
saturating decanal solution in the same buffer for measure-
ment of remaining bioluminescence activities.

Nucleotide sequence accession number. The nucleotide
sequences discussed in this article have been assigned Gen-
Bank accession number M38525.

RESULTS AND DISCUSSION

From a total of approximately 10,000 transformant clones,
1 colony was found to be bioluminescent when supplied with
decanal. This clone was isolated, and the recombinant
plasmid, denoted pTX10, was found to contain a 5.6-kb
DNA insert. A restriction map was constructed on the basis
of digestion patterns with 12 restriction enzymes (Fig. 1) and
was later confirmed by DNA sequencing. The nucleotide
sequence of the entire 5.6-kb insert in pTX10 was deter-

ATCTGCGCGGATAGCTTATGCAAGTCTATCTGAAATTAATGTCTCGTTTTTAATTACCGCAGTCGGTGTGGTTAACTTAAGATATACT(

GGTTTTTGCGAGAGATTGCTTTGATTCTGGCTGGGAAGATTTAACTTCTACAATTAATAGTATGATGCATCTTGATATACCGTTTATT(

TAATGGTTGTCTGGATATTGATGTCGATATTATTGAGCCGTCATTCGAACATTTAACCATTGCGGCAGTCAATGAACGCCGAATGAAJU
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AACCTACACCAATAG&TTTCG&!CAGSOCaCGCGCAAG&CGCATTCCCaGGLGCA!AG&TA&CTCTGTGLC!GGGGTGOCTGA -93

AAGCaGCCCA AC& TGjGLAaGTATA!.GGLAG&TA.TTAACTCTTeACTCAAL!AGAILTAIAOCAGTCT -3

CTATGAAATTTGGA&ACTTT2TTCT!ACA!ACCAACCCCCCAA!!TCTC AAA&CGAGGTM!GAA!GGTS!TaVAaA!AGGTCGCA 88
x x r a N F L L T Y Q p Q r S Q S Z V N I W L V X L a Rs

TCTCTaATCTTTGT CGATTTACTTQCA TT!CACGGLGTTTTTTGCTTGTAACCCT!L!GCTGCTi
s z z c a r D S V 1f L .L z z a p T z r G L L G N P Y V a A A

CTSTSATTACSSGcATGA&!GT cTcGGCTATTGTTCTCaCCCACCGCTCA!CCA.SCGSCGT T G
Y L L G A TS IX L N V G TA A IV L PT a Pv R Q L Z Z V

178

268

TGAA&TTTGTGG&TC!G!CAAGGACGAT!TCGTTTGGTATT!GTCGG0GGCTTAAThAAGATTTCGA!CAG 358
N L L D Q x a X G R r R Ir G I C It G L Y X Drt R V r G T D

ATATGA&TAACAGTCGT CC!AaGGAGT.TTGSTA!A&!TAbGfTACGAST ATG&AC!AGGAThATAGGI&AGC SCC 448
|1 N N 8 RA L X C W Y X L I R N G N S z G Y x z A D N Z B

NNC w

_
KL ICT I G YC*.C....G*53

Aeeee!C A ACASA S ATCCC 538
I XI R X V X V L P t A Y 8 QG GC a I Y V V A Z 8 A 8 2 2

cTGAATcGGcCGcTcAAcLTGGT!TACCcGTATTTTAAGT!GA!!ATAsaANaC AQaCAcAAcA.cLCaA!TGcTa!CTATAACG 628
W A A Q 8 G L P M I L 8 W I I N T N D K I A Q I Z L Y N

AGGTCGCTCMGAATATGG ACGCATATTCLTA&TATCGCATTac!TATcATaTATAACATCGGTAGACCATGAC!CALTGAAAGCGA 718
V A Q Z Y G 8 D I 8 N I D R C L S Y IT S V D 2 D 8 N R A R

AAGAAATTGCCGGAATTT!CTG CTTGGTATGATCCTATGTTAATGCCA&CCA!TTTGAATTC ACA C! 808
Z I C RI N L GL W Y D S Y V N A T T I D D S D X S G Y

ACA.. 898
D KrN X G Q RDR V L I ¢G R N T N R R V D Y 8 Y I I N P

CGOTGGGAACCCCCCGhQAG?aSATAASS2aS SS CAS¢C¢CCAACGA¢GAA AtCAAAT sASSS¢fS¢SGACTA 988
V G T P Q Z C I D I I Q T D I D A T G I 8N I C C aG Z a N

ATGACGT&G&TG&A!TTTCTCTTCCA!GAAGCTC!TCCA&TC!GATGTAA!GCC2T!CT A C TC&GCTATT 1078
a S V D X I I S 8 X L r Q D V 11 P r L R Z 1C Q a r 3 Y Y

ATATTArGCT AL
I8*

FIG. 4. Nucleotide sequence of the X. luminescens HW luxA gene and deduced amino acid sequence. The upstream nucleotide sequence
that separates luxD and luxA is included. The stop codon is marked by an asterisk.

mined and found to consist of, sequentially, luxC (Fig. 2),
luxD (Fig. 3), luxA (Fig. 4), luxB, and a portion of luxE (Fig.
5). The DNA sequences are contiguous from Fig. 2 to 5, and
the corresponding amino acid sequences for the structural
genes are also shown. The X. luminescens HW luciferase
also contained a and 1B subunits, encoded by the luxA and
luxB genes, respectively, separated by 10 bases. As in V.
harveyi (22), V. fischeri (3, 7), and X. luminescens HM (16,
10), the X. luminescens HW luxC and luxD genes were
located immediately upstream of luxA, and luxE was within
the usual range of several hundred bases downstream from
luxB. However, unlike P. phosphoreum (18), X. luminescens
HW did not have a luxF between luxB and luxE. The
complete sequence of luxC (Fig. 2) and partial sequence of
luxE (Fig. 5) of X. luminescens HW are the first ones

reported for a nonmarine luminous bacterium.
E. coli JM107 cells harboring the recombinant plasmid

pTX10 were grown and harvested when they reached opti-
mal in vivo bioluminescence in the presence of exogenously
added decanal. Crude lysates prepared from such cells and
wild-type X. luminescens HW and V. harveyi cells were used
for measurements of in vitro bioluminescence decay con-
stants (k) and maximal light intensities (IO). At 23 and 37°C,

light decay constants of 0.34 and 0.58 s-1, respectively, were
found for the cloned X. luminescens HW luciferase; these
values were, within experimental errors, essentially the
same as that of the wild-type enzyme but were significantly
different from the respective decay constants of 0.45 and
0.72 s-1 for the V. harveyi luciferase. The ratio of the Io at
37°C and at 23°C (37°C/23°C) of 1.7 to 1.8 for the wild-type
and the cloned X. luminescens luciferase was also indistin-
guishable, whereas the corresponding ratio of 1.5 for the V.
harveyi luciferase was marginally lower.
High expressions of X. luminescens HW luciferase lux

genes were achieved in E. coli harboring pTX12. The max-
imal in vivo light intensity reached 2,000 quanta/s per cell
when cells were supplied with decanal, which was -1,000
times higher than the maximal in vivo light intensity of the
wild-type X. luminescens HW without any added aldehyde
or -200 times higher than that with decanal added.
As mentioned earlier, a number ofunusual properties have

been reported for X. luminescens HW and its luciferase (5).
We have confirmed the high optimal temperatures for the X.
luminescens HW in vivo and in vitro bioluminescence activ-
ities. However, contrary to the earlier report, the X. lumi-
nescens HW luciferase is quite similar to other luciferases in
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.1
GGAAAATGAAATGAAATTTGGCTTGTTCTTCCTTAACTTTATCAATTCAACAACTATTCAAGAGCAAAGTATAGCTCGCATGCAGGAAAT 80

X X F G L 7 F L N F I N S T T I Q E Q S I A R 4 Q E I

AACAGAASATGTCGACAAASTGAATTTTGAGCAGATTTTGGTGTGTGAAAATCATTTTTCAGATAATGGTGTTGTCGGCGCTCCTTTGAC 170
T X Y V D X L N F X Q I L V C Z NN S D N G V V G AP L T

TGTTTCTGGSTTTTTACTTGGCCTAACAGAAAAAATTAAAATTGGTTCATTGAATCATGTCATTACAACTCATCATCCTGTCCGCATAGC 260
V 8GYr L LG SL T X I X I G SL N N V I T T N X P V R I A

GGAAGAAGCGTGCSTASTGGATCAGTTAAGCGAAGGAAGATTTATTTTAGGATSSAGTGATTGCGAGAGAAAGGATGAAATGCCASTTTSi 350
Z Z A C L L D Q LSS G R r I L G r S D C Z R X D Z X P F r

CAcASCGCCCTAA AACC CCCATSASTTTAAGAATGCTATSGAcATTATTAACGATG.CTTTAACA'ACAGGCTATTGTAATCCAAA 440N R P Z Q Y Q Q Q L F Z Z C Y D I I N D A L T T G Y C N P N

TW.GCASTTSTATsAA2SSCCCCATAT6CATr.AATcCCCATG.CTTAATCrGCaAAcGGGCCTCGGAAATATG.TAACAGCAACAAGTTG 530
G D r Y N r P X I 8 N N PN A Y T QN G P R X Y V T A TS C

TCASGST¢TGTGA¢GTGGCSGCTAAAAAAGGCATTCCTCTAATCTTTSAAGTGGGATGATTCCAATGAAGTTAAACATGAASATGCGAAAAG C20IVyv I W a A X X G I P L I X W DDDSN Z V X N X Y A X R

ATATCAAGCCATAG.CAGGTGTATG.GTGTTGACCTGGCAGAGATAGATCATCAGTTAATGATATTGGTSAACTATAGT'AAGACAGTGA 710
Y Q A I A a Z Y G V D L A Z I D N Q L K I L V N Y S I D SI

~~~~~~~~~~~~~~~~~~~~~ 8~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~00GAACTAAAGAGGAAACr.CGTGCATTTATAAGTr.ATTATATTCTTS.CAATGCACCCTAAS QGAAAATTTCGAAAAGAAACTTCGAAGAAAT 800
X A X IZ T R A II S D Y I L A X B P NZ N r Z X X L Z Z I

AATCACAGAAAACTCCGTCGQrAGAATATArGAATGTACAACT6CGGCTAAATTG GCAATGGAGAATGGTACAAAAGTATATTATi 890
I T I S V G D Y XD C T T A A X L A X Z X C G T X II L L

GTCCTTTGAASTCAATGAGTGATTTTACACATCAAATAAACGCAATTGATATTGTCAATGATAATATTAAAAAGTATCACATGTAATATAC -307
S I I S K 8 D I T N Q I N A I D I V N D N.X X X Y XN *

CCTATGGATSTCAAGTGCTCGCGACGGCAAGGGAGCGAATCCCCGGGAGCATATACCCAATAGATTTCAAGTTGCAGTGCGGCGGCAA -217

GTGAACGCATCSTSAGGAGCASAGATAACTATGTr.ACTGGGGTAAGTGAicr.CAGccAACAAAGCAGCAGCTTGAAAGATGAAGG.GTATi -127

* *1. ***
GATAACGATGTGACCAGGGTTGCGTGAACAGCCACAAAGAGGCAACTTGAAAGATACGGGTATAAAGGGTATAGCAGTCACTCTGCC -37

ASA$CCTTTAATATTAGCTGCCGAGGTAAAACAGGTATGACTTCATATGTTGATAAACAAGAAATCACAGCAAGTTCAGAAATTGATGAT 53
N T S Y V D X Q II T AS 81 I D D

TSGASTTSTTCGAGTGATCCATTAGTCTGTGCTTACGACGAACAGGAAAAGATTAG^AAAAAACTTGTGCTTGATGCGTTTCGTCATCAC 143
L I r 8 8 D P L V C A Y D Z Q Z X I R X X L V L D A r R N N

TATAAACATTrTCAAGAATACCGTCACTACTGTCAGGCACATAAAGTAGATGACAATATTACGGAAATTGATGATATACCTGTATTCCCA 233Y XK C Q Z Y R N Y C Q A NXK V D D N I T I I D D I VIPr p

ACATCAGTGTTTAAGTTTACTCGCTTATTACSTCTAATGAGAACGAAATTGAAAGTTGGTTTACCAGTAGTGGCACAAATGGCTTAAAA 323
T S V r x r T R L L T S N Z NN I Z S N F T 8 S G T N G L X

AGTCAGGTACCACGCGACAGACTA- 347
S Q V P R D R L -

FIG. 5. Nucleotide sequence of the X. luminescens HW luxB gene and part of the luxE gene, and the deduced amino acid sequences. The
upstream nucleotide sequence that separates luxA and luxB as well as the nucleotide sequence between luxB and luxE are included. The stop
codon is marked by an asterisk.

specific activity and in the sizes of the two subunits. The size from the corresponding subunits of other luciferases.
luciferase from E. coli harboring pTX12 was prepared to Moreover, the X. luminescens HW luciferase exhibited
about 80% pure as shown by sodium dodecyl sulfate-poly- significant sequence identities with luciferases from the
acrylamide gel electrophoresis. The specific activity of this marine bacteria V. harveyi, V. fischeri, and P. leiognathi,
sample was determined to be 2.9 x 10i4 quanta/s/A280/ml by ranging from 61 to 83% for the a and 51 to 58% for the P3the dithionite assay, corresponding to an estimated specific subunit. Much higher identities were observed for the a
activity of 3.6 x 1014 quanta/s/A280ml for the pure enzyme. (93%) and 1B (84%) subunits of the X. luminescens HW
This is comparable to that of other luciferases. The deduced luciferase with those of the X. luminescens strains Hm (16)
amino acid sequences (Fig. 4 and 5) show that the X. and Hb (29).
luminescens HW luciferase a subunit had 362 amino acid On the basis of a and 1 primary sequences, we found that
residues (Mr 41,389) and the ,B subunit had 324 amino acid phylogenetically (28), X. luminescens was closer to V.
residues (Mr 37,112), with neither significantly different in harveyi whereas V. fischeri was closer to P. leiognathi in
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FIG. 6. Aldehyde inhibition of the X. luminescens HW lu-

ciferase. Luciferase activities were determined by the FMNH2
injection standard assay at 23°C in 50 mM phosphate, pH 7.0, with
50,uM FMNH2 (photochemically reduced in the presence of 1 mM
EDTA) and designated amounts of decanal as substrates. The
reaction solution did not contain any bovine serum albumin.

evolution. Moreover, the a and subunits of these lu-
ciferases were derived from a single ancestor gene.

In the bacterial bioluminescence reaction, a key 4a-hy-
droperoxy-FMN intermediate (designated II) is formed by
reacting luciferase-bound FMNH2 with 02 We found that
the X. luminescens HW luciferase intermediate II was highly
stable. In 0.05 M phosphate, pH 7.0, at 25°C, the first-order
decay rate constants for the intermediate II formed with the
X. luminescens HW and V. harveyi luciferases were 0.5 and
1.6 min-1, respectively. When complexed with dodecanol
for stabilization (31), decay rate constants for the interme-
diate II of V. harveyi, V. fischeri, and P. phosphoreum
luciferases were, respectively, 0.02, 0.05, and 0.21 min-1, all
faster than that of the X. luminescens HW luciferase (0.01
min-'). The high stability of the X. luminescens HW lu-
ciferase intermediate II makes it most suitable for detailed
biochemical and biophysical characterizations.
Among all known bacterial luciferases, aldehyde substrate

inhibition has only been reported for the V. harveyi lu-
ciferase (14). We now have found that the X. luminescens
HW luciferase was also sensitive to aldehyde inhibition, with
an apparent optimal activity at 25 ,uM decanal in 50 mM
phosphate, pH 7, when assayed by the FMNH2-initiated
standard assay in the absence of bovine serum albumin (Fig.
6). This optimal decanal concentration was about three- to
fivefold higher than that of the V. harveyi luciferase.
When the V. harveyi luciferase a subunit Cys-106 is

mutated to serine (2), alanine, or valine (2, 17a), these
luciferase variants are also subject to aldehyde inhibition but
at much higher aldehyde concentrations. It has been specu-

lated that the aldehyde inhibition of the V. harveyi luciferase
may involve thiohemiacetal formation between the aldehyde
and the Cys-106 residue (33). It is interesting that the two

luciferases that are most sensitive to aldehyde inhibition (the
V. harveyi and X. luminescens HW luciferases) are the two

luciferases known to have a cysteine residue at the 106

position in the alpha subunit. Our results certainly indicate
that the X. luminescens HW luciferase should be an invalu-
able system for further elucidation of the nature of aldehyde
inhibition.
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