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Summary: The luxE gene of bioluminescent bacteria encodes the
acyl-protein synthetase component of the fatty acid reductase
complex. The complex is responsible for converting tetra-
decanocic acid to the aldehyde which serves as a substrate in the
luciferase- catalyzed reaction. The nucleotide sequence of the
luxE gene of Vibrio harveyi was determined and the aminc acid
sequence of the acyl-prcteln synthetase deduced. The protein
consists of 378 amino acid residues and has a molecular weight
of 42,965 daltons. Alignment of the V. harveyi enzyme with the
V. flscherl acyl-protein synthetase showed 62% identity. o 1980
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Bioluminescence in bacteria results from the activities of
four proteins. The heterodimeric enzyme luciferase catalyzes
the oxidation of FMNH, and a long-chain aldehyde (tetradecanal)
20/ and light. The fatty

acid reductase complex provides the tetradecanal for the

to produce FMN, tetradecanoic acid, H

luciferase-catalyzed, light-emitting reaction. The three
components of the complex are acyl-transferase, which frees
tetradecanoic acid from the fatty acid biosynthetic pathway (1);
acyl-protein synthetase (2), which activates tetradecanoic acid;
and fatty acid reductase (3), which reduces the activated acid
to the aldehyde substrate.

The reductase, transferase, a and 8 subunits of luciferase,
and the synthetase are encoded by genes designated luxC, luxD,
luxA, luxB, and luxE, respectively and are transcribed from an
operon in that order (4,5). The luxI gene precedes luxC in the

*To whom correspondence should be addressed.

Abbreviations: kbp, kilobase pair; rfDNA, replicative form DNA;
SDS, sodium dodecyl sulfate.
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operon and encodes an enzyme that synthesizes the so-called
autoinducer. The autoinducer diffuses through the cell membrane
and only accumulates inside cells when the population becomes
dense. The autoinducer is bound by an activator protein which
then turns on the transcription of the operon. The activator is
the product of the luxR gene, which lies upstream of the lux

operon and is transcribed in the opposite direction (6, 7, 8,
9).

The sequence of the entire operon of Vibrio fischeri has
been reported (10, 6, 7) and the sequences of luxC, luxD, luxAa,

and luxB from Vibrio harveyi have also been reported (11, 12, 8,
5). We have determined the nucleotide sequence of the luxE gene
of V. harveyi and deduced the amino acid sequence of the acyl-

protein synthetase. We compare these sequences with those from

V. fischeri.

MATERIALS AND METHODS

Bacterial and Phage Strains. Escherichia coli strains TB1
(12) and JM103Y (13) were used in this study. TB1l (ara, A(lac
proA,B), rpsL, lacZAM15, hsdR) was used for the maintenance and

<N

pTB7

Lux
Genes

FIG. 1. Plasmid pTB7. The 4kbp VY. harveyi @nser; is
indicated by the thick line. The positions and direction of

transcription of the luxA, luxB, and luxE genes are indicated.
Restriction endonuclease sites are abbreviated BamHI (B), BglII

(Bg), EcoRI (E), HindIII (H), PstII (P), PvuIl (Pv), Sall (S),
sacl (Sa), and Scal (Sc).
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purification of plasmid DNA, and JM103Y (A(lac proa,B) Lai,
stra, supE, endA, sbcBl5, hsdR4, F’/traD36, oA,B, laclI-,
lacZAM15) was used for the isolation of phage M13mpl8 and mpl9
(14), which contained inserts, and for the production of single-
stranded DNA for sequencing.

Plasmids. DNA fragments for sequencing were subcloned from
pTB7 (15) (Fig. 1). The plasmid is a derivative of pBR322 and
was donated by Dr. Tom Baldwin. Plasmid purification was
performed as described by Maniatis, et al.(16).

Nucleotide Sequencing. Restriction enzyme fragments from
PTB7 were inserted into either M13mpl8 or mpl9 and subjected to
the Sanger dideoxynucleotide chain termination protocol (17) as
modified by Tabor and Richardson (18). Sedquencing reagents were
purchased from United States Biochemical Corp. in the form of
the Sequenase Kit. Analyses of the nucleotide sequences of the
luxE genes from V. harveyi and V. fischeri and of the
synthetases they encode were performed using Microgenie software
purchased from Beckman (19).

Materials. Chemicals were purchased from Fisher 35
Scientific, Sigma, BioRad, and Research Organics. [a-""~S]dATP
was purchased from Amersham Corp.. M13mpl8 and M13mpl9 rfDNA
and restriction endonucleases were purchased from New England
Biolabs, Bethesda Research Laboratories, and Boehringer Mannheim
Biochemicals.

RESULTS8 AND DISCUSSION

Nucleotide sequence of the luxE gene and the amino acid
sequence of acyl-protein synthetase of V. harveyi. The
nucleotide sequence of the luxE gene and the amino acid sequence

of the acyl-protein synthetase derived from it are shown in Fig.
2. Previously, the amino terminus was reported to begin 57
nucleotides 5’ to the position indicated as position 1 in Fig. 2
{(12). We determined that the start codon of the luxE gene is at
the more 3’ site, since the more 5’ ATG codon has no discernable
ribosome~binding site, the molecular weight of the encoded
protein agrees with data from SDS polyacrylamide gels (4, 5),
and the nucleotide sequence of the same region in the V.
fischeri lux operon does not have an ATG at the 5’ position

(9). The encoded acyl-protein synthetase is comprised of 378
amino acids and has a calculated molecular weight of 42,965
daltons.

Table 1 shows the strategy used to sequence this region of
the lux operon. Of the new information, 87% was sequenced on
both strands. The other 13% was sequenced repeatedly on one
strand and was unambiguous (data not shown). Also, in regions
where only one strand was sequenced, the homology with the V.
fischeri luxE gene is 66% while the homology of the entire gene
with V. fischeri luxE is 62%.
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luxB ~80 =70 ~-60 =50 -40 -30 ~20 -10 -1
TCGTAACGTTTAACTGATGCTGAAGGGGCAGCGATGCCCCTTATATCACCATTCTTTTCGCCGATAGAGCTAACTAATAGAGGCATTTAT
SerEnd

luxE 10 20 30 40 50 Clal 60 70 80 90
ATGGACGTACTTTCAGCGGTTAAGCAGGAAAACATCGCAGCGAGCACAGAAATCGATGACTTGATTTTCATGGGAACTCCTCAGCAATGG
MetAspVallLeuSerAlaVallLysGlnGluAsnIleAlaAlaSerThrGluIleAspAspleullePheMetGlyThrProGlnGlnTrp

100 110 120 130 140 150 160 170 180
TCATTGCAGGAACAAAAACAGCTGACATCTCGCCTTGTTAAAGGGGCATATCAATACCATTACCACAATAATGATGATTATCGTCAGTTC
SerLeuGlnGluGlnLysGlnLeuThrSerArglLeuValLysGlyAlaTyrGlnTyrHisTyrHisAsnAsnAspAspTyrArgGlnPhe

190 200 210 BglII 220 230 240 250 260 270
TGCGAGAGGCTGGGAGTCGGAGAGGTGGTGGAAGATCTCAACGATATCCCCGTTTTCCCTACTTCTATTTTTAAGTTGAAGACCCTATTA
CysGluArgLeuGlyValGlyGluValValGluAspLeuAsnAapIlleProValPheProThrSerIlePheLyslLeuLysThrLeuleu

280 290 Taql 300 310 320 330 340 350 360
ACACTTGACGATGACGAGGYCGAGAATCGCTTTACTAGCAGTGGCACTAGTGGCATCAAAAGTATTGTTGCACGAGATAGACTCAGTATT
ThrLeuAspAspAspGluValGluAsnArgPheThrSerSerGlyThrSerGlyIleLysSerIleValAlaArgAspArgLeuSerIle

370 380 390 400 410 420 430 440 450
GAGCGACTTCTTGGCTCAGTAAATTTCGGTATGAATTACGTTGGTCGATTGGTTTGACCATCAGATGGAGTTGGTGAACTTAGGCCCAGAT
GluArglLeulLeuGlySerValAsnPheGlyMetAsnTyrValGlyAspTrpPheAspHisGlnMetGluLeuValAsnLeuGlyProAsp

460 470 480 490 Taql 500 8acI 510 520 530 540
CGCTTTAATGCCAACAATATTTGGTTCAAGTACGTCATGAGCTTAGTCGAGCTCCTTTATCCGACCGCATTTACTGTCACTGAGGATGAG
ArgPheAsnAlaAsnAsnIleTrpPheLysTyrValMetSerLeuValGluLeuLeuTyrProThrAlaPheThrValThrGluAspGlu

550 560 570 580 590 600 610 620 630
ATCGACTTTGAGGCGACGCTAGCTAATATGAATCGTATTAAGCAGTCTGGTAAAACCATTTGTCTTATCGGCCCTCCTTATTTTATCTAT
IleAspPheGluAlaThrLeuAlaAsnMetAsnArglleLysGlnSerGlyLysThrIleCysLeulleGlyProProTyrPhelleTyr

640 650 660 670 680 690 700 710 720
CTACTGTGCTGTTTCATGCGCGAGCAAGGTCAAACTTTCAATGGTGGTCGCGATCTTTACATCATCACTGGCGGCGGCTGGAAAAAACAT
LeuLeuCyaCysPheMetArgGluGlnGlyGlnThrPheAsnGlyGlyArgAspLeuTyrIleIleThrGlyGlyGlyTrpLysLysHis

730 740 750 760 770 780 790 800 810
CAGGATCAATCGCTCGATAGAGACGAGTTCAACCAACTTTTGTGTGAGACTTTTACCTTAGAAAGCCCAGAGCAGATTCGAGACACATTT
GlnAspGlnSerLeuAspArgAspGluPheAsnGlnLeuLeuCysGluThrPheThrLeuGluSerProGluGlnIleArgAspThrPhe

820 . 830 840 850 860 870 880 S8acI 890 BamHI S00
AATCAAGAAGAACTGAACACCTGCTTTTTTGAGGATACAGAACACAAAAACGGTGTACCGCCCTGGGTCTTTGCAAGAGCTCTGGATCCT
AsnGlnGluGluLeuAsnThrCysPhePheGluAspThrGluHisLysAsnGlyValProProTrpValPheAlaArgAlaleuAspPro

910 920 930 940 950 960 970 980 990
AAAACATTAAAGCCGCTTCCGCATGGTCAGTCAGGACTGATGAGCTATATGGATGCCTCGGCGGTCAGCTATCCATGCTTTCTAGTGACG
LysThrLeuLysProlLeuProHisGlyGlnSerGlyLeuMetSerTyrMetAspAlaSerAlaValSerTyrProCysPheleuValThr

1000 1010 1020 1030 Smal 1040 1050 1060 1070 1080
GATGATATAGGCATCGTGCGAGAAGAAGAAGGCGATCGCCCGGBAACCACCGTTGAGATCGTTAGAAGAGTGAAGACGCGGGGTATGAAG
AspAsplleGlyIleValArgGluGluGluGlyAspArgProGlyThrThrvalGluIleValArgArgValLyaThrArgGlyMetLys

1090 1100 1110 1120 1130 1140 1150 1160 1170
GGGTGCGCTCTCAGTATGTCTCAAGCGTTTACAGCTAAGAATGACGGAGGTAACTGAGATGTTATGTTCGATAGAAAAAATTGAGCCGTT
GlyCysAlaLeuSerMetSerGlnAlaPheThrAlaLysAsnAspGlyGlyAsnEnd MetleuCysSerIleGluLysIleGluProLe

1180 1190 1200 1210 1220
AACTAGCTTCATATTCCGAGTGTTGCTCAAGCCGGATCAGCCTTTTGAATTTAGGG
uThrSerPhellePheArgValLeuLeulLysProAspGlnProPheGluPheArg

FIG. 2. Nucleotide sequence of the luxE gene and the amino
acid sequence of acyl-protein synthetase. The 3’ end of luxB,
luxE, the 5’end of a potential open reading frame and the
intergenic regions of the lux operon of V. harvevi are indicated
by the translation. Restriction endonuclease recognition
sequences used to sequence this DNA are indicated by bold face

type.

Amino acid alignment of the acyl-protein synthetases from
V. harveyi and V. fischeri. The amino acid sequences of the
acyl-protein synthetases from V. harveyi and V. fischeri were
aligned by similarity using the Microgenie software (Fig. 3).
There are 378 residues in each protein and by inserting three
gaps into the carboxy-terminal portion of each protein, there
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TABLE 1
Sequencing strategy for the luxE gene of Vibrio harveyi
Nucleotides Fragment Sequenced Vector
MESSAGE EQUIVALENT STRAND a
1-280 Previously Reported

213~556 BglIl to BamHI M13mp19b

499-817 Sacl to Sacl M13mpl8

892~1227 BamHI to HindIII M13mpl9
MESSAGE COMPLEMENT STRAND

1226-920 HindIII to BamHI M13mpl8
1034~886 Smal to SacIl M13mp18b

892~540 SacI to Sacl M13mpl8

500~-290 TaqI to Taql M13mpl8

280~1 Previously Regorteda

ﬁReference 12.
The SacI fragment was inserted in M13mpl8 in both orientations.

are 237, (or 63%) identical residues. These data are consistent
with the alignment of the o subunits of luciferase at 64%
identity and slightly higher than the alignment of the B
subunits of luciferase at 49% identity. Since the active site
of luciferase is located exclusively on the o subunit (11), the
low level of homology found in the 8 subunits might be
expected. Between residues 114 and 176 of the synthetases only
5 pairs of residues are not identical and no two pairs are
consecutive. Other conserved regions of more than 15 residues
are positions 192 to 213 with 5 pairs of nonidentical,
nonconsecutive residues; positions 265 to 282 with only 1
nonidentical pair:; positions 289 to 305 with 2 pairs of

10 20 30 40 50 60
V. harveyi synthetase MDVLSAVEQENIAASTEIDDLIFMGTPQQWSLQRQKQLTSRLVKGAYQYHYHNNDDYRQFCERLGVG
V. fischeri synthetase MTVHTEYKRNQIIASSEIDDLIFMSTPQEGSFERQEDIRDKLVREAFYFHYNRNEEYRNYCINQHVS

70 80 90 100 110 120 130
V. harveyi synthetase EVVEDLNDIPVFPTSIFKLKTLLTLDDDEVENRFTSSGTSGIKSIVARDRLSIERLLGSVNFGMNYV
V. fischeri synthetase DNLHTIDEIPVFPTSVFKYRKLHTVTADDIENWYTSSGTRGVESHIARDRLSIERLLGSVNFOMKYV

140 150 160 170 180 190 200
V. harveyi synthetase GDWFDRQMRLVNLGPDRFNANNIWFKYVMSLVELLYPTAFTVTEDE IDFEATLANMNRINQSGETIC
V. fischeri synthetase GDWFEBRQMELINLGPDRFNTNNIWFKYVMSLVELLYPTEFTVDNDK IDFEKTVKHLFRIKNSKKDIC

210 220 230 240 250 260
V. harveyi synthetase LIGPPYFIYLLCCFMREQGQTFNGG RDLYIITGOGWKKHQDGSLDRDEFNQLLCETFTLESPEQIR
V. fischeri synthetase LIGPPFFVYLLCQYMKENNIEFKGGDR VHIITGGCWESNQNDSLDRADFNQLLMDYPQLDKINQIR

270 280 290 300 310 320 330
V. harveyi synthetase DTFNQEELNTCFFEDTEHKNGVPPWVFARALDPK TLAPLPHOQSGLMSYMDASAVSYPCFLVIDDIG
V. fischeri synthetase DYFNQVELNTCFFEDEFQRKHVPPWVYARALDPETLEPVADGEIGLLSYMDASSTAYPAFIVYDDIG

340 350 360 370
V. harveyi synthetase IVRRE EGDR PGTTVEIVRRVKTRGMKGCALSMSQAFTAKNDGGN
V. fischeri synthetase IVKRIREPDPYPGVTVEIVRRLNTRAQEGCALSMANVIQ ENIK D

FIG. 3. Amino acid alignment of the acyl-protein
synthetases of V. harveyi and V. fischeri. The alignment was
performed using the Microgenie software. Identical residues are
highlighted by boldface type.
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nonidentical, nonconsecutive residues; and positions 324 to 338
with 3 pairs of nonidentical, nonconsecutive residues. Close
inspection of Fig. 3 reveals other regions of homology that
contain two consecutive, nonidentical residues. To identify the
active site from these data with any certainty is impossible:
however, the conserved regions mentioned above are probably very
important to the function of the enzyme.

Codon usage. Johnston, et al. (12) compared the codon
usage of the luxA and luxB genes of V. harveyi and found several

interesting differences. The luxB gene indicates a bias for the
codons UUU (for phenylalanine), GAU (for aspartic acid), and AUC
(for isoleucine) in each respective codon group. The luxA gene
shows no bias for codons in these groups. The luxA gene uses
the lysine codon AAA twice as often as AAG and avoids using the
codon AGU out of 17 serine codons. The luxB gene shows no

preference in lysine codons and uses AGU more than any other
serine codon. The luxE gene (Table 2) shows the same bias or

lack of bias as the luxB gene in each of these cases except for

the isoleucine codons. Both luxE and luxA show no bias in

choosing isoleucine codons.

Codon usage in the luxE gene is different from luxA and

luxB in some codon groups. The luxE gene uses the leucine codon

CUU 10 out of 35 times while luxA and luxB prefer UUG. Tyrosine
is encoded by UAC 7 out of 10 times in luxB, 10 out of 16 times
in luxA, but only 5 times out of 12 in luxE. The luxA and luxB

TABLE 2
Codon usage in the lux genes of V. harveyi and V. fischeri

a b c d a b c d a b c d a b c d
UUU Phe 14 18 24 34 UCUSer 4 5 12 9 UAUTyr 7 13 9 24 UGUCys 3 2 12 8
UUC Phe 8 4 16 4 UCCSer O O 2 4 UACTyr 5 3 17 5 UGCCys 5 3 2 4
UUA Leu 65 12 7 29 UCASer 4 4 9 10 UAAEnd © 1 2 2 UGAEnd 1 0 0 O
UUG Leu 5 4 18 2 UCGSer 2 0 5 4 UAGEmd O O O O UGGTrp 5 5 6 7
CUU Leu 10 7 6 2 CCUPro 5 3 6 12 CAUHis 4 9 11 17 CGU Arg 2 6 8§ 8
CUCLeu 5 2 5 3 CcCPro 2 2 0 2 CACHis 2 1 12 3 CGCArg 6 2 5 3
CUALeu 4 1 10 6 CCAPro 3 8 11 8 CAAGIn 9 10 14 27 CGAArg 4 1 8 17
CUG Leu 6 1 7 3 CCGPro 5 2 3 0 CAGGIn 10 4 13 5 CGGArg 1 2 0 1
AUU Ile 8 20 14 31 ACU Thr 9 11 12 18 AAU Asn 12 23 20 33 AGU Ser 5 7 7 9
AUC Ile 11 3 17 5 ACCThr 7 2 8 6 AACAsn 8 2 19 7 AGC Ser 6 3 4 3
AUA Ile 1 7 0 10 ACAThr 7 9 7 19 AAALys 8 19 22 29 AGAArg 5 8 4 3
AUG Met 11 9 18 21 ACGThr 3 O 9 7 AAGLys 9 6 13 11 AGG Arg 1 1 1 2
GUUVal 7 10 15 21 GCU Ala 4 7 12 9 GAU Asp 19 23 26 38 GGU Gly 10 5 22 15
GUC val 7 5 11 4 GCC Ala 2 2 13 3 GAC Asp 9 7 20 7 GGC Gly 10 O 11 3
GUAVal 3 7 7 15 GCAAla 5 2 15 16 GAAGlu 11 18 38 36 GGAGly 6 8 4 11
GUG val 6 3 14 3 GCG Ala 5 3 20 10 GAG Glu 16 8 12 13 GGG Gly 2 5 6 10
a. V. harveyi 1luxE.
b. V. fischeri 1luxE.
c. V. harveyi luxA + luxB.
d. V. fischeri luxA + 1luxB.
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genes show a very strong bias for the glutamic acid codon GAA
and the cysteine codon UGU. The luxE gene uses GAG slightly

more often than GAA, 16 and 11 respectively, for encoding
glutamic acid. The luxE gene uses UGC 5 times and UGU 3 times
for encoding cysteine. Finally, in the glycine codon group,
1uxE uses the codon GGC and GGU 10 times each, while using GGA
and GGG a total of 8 times. The luxB gene avoids GGC just as it

does GGA and GGG, while luxA shows a slight bias for GGU over
GGC.

G+C:A+T usage in V. harveyi and V. fischeri. Table 2 also
contains the codon usage of the luxA, luxB, and luxE genes of V.

fischeri. Overall, V. fischeri shows a stronger bias for codons
that use A’s or U’s than V. harveyi. For example, in the valine
codon group where the base in the third position is redundant,
GUA and GUU are used 53 times out of the 68 valine codons.
Similarly, in groups shared by two amino acids, U or A is
prefered in the third position. In the AAN group, lysine is
most often encoded by AAA, 48 out of 65 codons, and asparagine
is usually encoded by AAU, 56 out of 65 codons. These data
suggest that one of the more important selection pressures
involved in codon selection in V. fischeri was a requirement for
a high A+T content in DNA. Further, the data in Table 2
indicate that not only has synonymous codon choice been effected
by this requirement for a high A+T content, but also amino acid
choice. V. harveyi has 71 glycine residues, encoded by GGN in
the proteins encoded by these three genes, while V. fischeri has
only 57. ¥. harveyi also uses 76 alanine residues, encoded by
GCN, while V. fischeri has 52. On the other hand, the V.
fischeri versions of these three proteins have a total of 76
isoleucine residues (encoded by AUC, AUU, or AUA) while V.
harveyi proteins have only 51. The luxA, luxB, and luxE genes
in V. fischeri have an A+T content of 65%. 1In V. harveyi these
genes have an A+T content of 55%. We suggest that the primary
force involved in the divergence of these sequences, and,
therefore, in the divergence of these organisms, is the
requirement of V. fischeri to obtain or perhaps maintain a
higher A+T content. The high A+T content may be required by V.
fischeri since it is found predominantly in cold waters, whereas
V. harveyi is found in warm waters. 1In the laboratory, V.
fischeri does not grow well at temperatures higher than 30° c.
V. harveyi grows very well at temperatures as high as 37° c.
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Open Reading Frame. Fig. 2 shows an open reading frame 3/
to the luxE gene which extends for 29 codons. Whether or not
this open reading frame is translated or even extends
significantly farther is unknown. Baldwin, et al. (10) also
reported an open reading frame 3’ to the luxE gene of V.

fischeri that begins 4 nucleotides downstream of the termination
codon. No sequence homology exists between the encoded
proteins, however, and the nucleotide sequences match at only
42%. While there is enough room on the mRNA for another gene
since a portion of lux mRNA terminates approximately 3,000 bases
downstream of luxE (5), the encoded protein is not required for
either bioluminescence or regulation of bioluminescence. Clones
that terminate at a HindIII site 3’ to the luxE gene (see Fig.
1) exhibit both activities (5).
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