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ABSTRACT: Mbriofischeri strain Y-1 (ATCC 33715) emits light with a A,,, of 545 nm rather than the 
485-nm emission typical of other strains of I/. fischeri. The yellow emission is due to  the interaction of 
the enzyme luciferase with a yellow fluorescent protein (YFP). On the basis of the N-terminal amino acid 
sequence of YFP, a mixed-sequence oligonucleotide probe was synthesized and used to isolate a 1.6-kbp 
Hind111 fragment containing the first 208 bases of the gene that codes for Y F P  (IuxY). Another synthetic 
oligonucleotide complementary to bases 167-184 of the Y F P  coding sequence was used to isolate a second 
(ca. 1.9 kbp) DNA fragment generated by digestion with both EcoRI and ClaI that contained the remainder 
of the luxY gene. The intact luxY gene, which encoded a 22 21 1-dalton polypeptide composed of 194 amino 
acid residues, was reconstructed from the two primary clones and is contained within a 765-bp SspI-XhoII 
fragment. Both strands of the entire luxY coding sequence were determined from the reconstructed gene, 
while the region surrounding the junction used in the reconstruction was also determined from the original 
partial clones. As with other genes that have been studied from V.fischeri,  the luxY gene was unusually 
AT-rich. The sequence of luxY did not bear any apparent similarity to any of the sequences contained 
in the current GenBank database. Escherichia coli containing a plasmid with the luxY gene expresses a 
protein that reacts with antibody raised to authentic Y FP. 

L i g h t  emission from bioluminescent bacteria is the result 
of the action of the enzyme bacterial luciferase, a heterodimeric 
flavin monooxygenase that catalyzes the reaction: 
FMNH2 + 0 2  + RCHO --* 

FMN + RCOOH + H 2 0  + hv 
where RCHO and RCOOH are long-chain fatty aldehydes 
and acids, respectively [see Ziegler and Baldwin (1981) for 
a review]. Light emission in Vibrio harueyi is from the singlet 
excited state of an enzyme-bound flavin intermediate formed 
in  the luciferase reaction, both in vivo and in vitro (Cline & 
Hastings, 1972, 1974; Mitchell & Hastings, 1974). 

The wavelength maximum for bioluminescence emission 
from most strains of Vibriofischeri under current study is 485 
nm, appearing blue. Intensive study of the regulation of 
bioluminescence in V.’,scheri (strains MJ-1 and ATCC 7744) 
has identified a regulon consisting of two operons (Engebrecht 
et al., 1983; Engebrecht & Silverman, 1984, 1986; Baldwin 
et al., 1989). The organization of the regulon is shown in 
Figure 1. The rightward operon contains luxA and luxB, the 
genes that code for the a and @ subunits of luciferase, as well 
as luxC, luxD, and luxE,  which encode enzymes involved in 
the synthesis of the aldehyde substrate of luciferase. The first 
gene of this operon is luxI, which encodes a protein necessary 
for the synthesis of a small molecule effector or “autoinducer”, 
N-(3-oxohexanoyl) homoserine lactone, a compound necessary 
for the induction of bioluminescence (Nealson et al., 1970; 
Eberhard et al., 1981; Rosson & Nealson, 1981). The leftward 
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operon consists of one gene, IuxR, encoding a positive regu- 
latory protein that in the presence of autoinducer stimulates 
transcription of the rightward operon (Kaplan et al., 1985; 
Devine et al., 1988). 

One strain of V.fischeri, designated Y-1 (ATCC 33715), 
isolated by Ruby and Nealson (1977), was found to display 
an emission spectrum with a peak at 545 nm if grown at 
temperatures below 22 OC but a spectrum with the usual 
485-nm maximum if grown at higher temperatures. Leisman 
and Nealson (1982) identified a flavin-containing yellow 
fluorescent protein (YFP)’ from Kfischeri Y-1. They showed 
that, in the absence of YFP, Y-1 luciferase supplied with 
FMNHz by a coupled assay with NADH-FMN oxido- 
reductase emits blue light (485 nm), but in the presence of 
YFP, Y-1 luciferase exhibits a bimodal emission spectrum with 
the second (new) peak at 545 nm. They also found that the 
effect of temperature on the system in vitro is similar to that 
in vivo: at  temperatures above 20 OC, YFP does not effect 
the same bimodal emission that it does at lower temperatures 
(Leisman, 1981). Presumably V.fischeri Y-1 employs a mode 
of regulation quite similar to those of V .  fischeri MJ-1 and 
ATCC 7744, since its growth and luminescence respond to the 
I/. fischeri autoinducer (Ruby & Nealson, 1977), yet V. 

fischeri Y-1 expresses an additional protein, YFP, the product 
of a gene that we designate luxY. Little is known at this time 
concerning the proximity of luxY to the V./.scheri Y-1 lux 
regulon. 

Photobacterium phosphoreum and Photobacterium leiog- 
nathi are other examples of bioluminescent marine bacteria 
that emit light in vivo at a different A,,, (470 nm) than that 

’ Abbreviations: Y FP, yellow fluorescent protein; FMNH2, reduced 
flavin mononucleotide. 
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Chart 1: Sequence of the Mixed Oligonucleotide Used To Probe the 
Hindlll-Digest-Generated Clone Bank of Y-1 Genomic DNA in E .  
coli 

5'-ATG TTT A M  GGA ATA GT-3' 
C G G T  MT-1 

C 
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FIGURE 1 : Physical map of the lux regulon of V. fischeri ATCC 7744. 

emitted by the luciferase purified from the organism (A,,, - 
495 nm) (Lee, 1982). These species produce an accessory 
protein ("lumazine protein"), slightly different between the 
two species, that has a molecular weight of about 22 000 (Gast 
& Lee, 1978). The lumazine proteins, which contain the 
prosthetic group 6,7-dimethylribityllumazine (Koka & Lee, 
1979), cause a shift in the bioluminescence emission spectra 
of P. phosphoreum, P. leiognathi, V.fischeri, and V. harueyi 
luciferases in vitro (Lee, 1982). Similarly, we have found that 
Y FP causes a shift in the A,,, of emission by luciferases pu- 
rified from P. phosphoreum, P .  leiognathi, and V.  fischeri 
ATCC 7744. Although it does not affect the emission 
wavelength of V. harueyi luciferase, it does enhance the in- 
tensity of light emitted by that enzyme as well as the luciferases 
from P. phosphoreum and P. leiognathi, apparently by in- 
creasing the rate of the luciferase-catalyzed reaction (Daubner 
& Baldwin, 1989). 

Active YFP holoprotein has been purified to homogeneity 
in our laboratory (Daubner et al., 1987); reconstitutable 
apoprotein has also been purified (Macheroux et a]., 1987). 
The protein was found to be a homodimer of subunits of 
approximately M ,  22 300 (determined by polyacrylamide gel 
electrophoresis in the presence of sodium dodecyl sulfate). It 
contains FMN as a noncovalently bound prosthetic group. 
After determination of the N-terminal sequence of the protein, 
we designed an oligonucleotide probe to isolate luxY from 
genomic DNA of V. fischeri Y- 1. We report here the use of 
the oligonucleotide probe to clone the luxY gene and dem- 
onstrate expression of the luxY gene in Escherichia coli. We 
present the sequence of luxY and the encoded YFP and 
comment on the base composition of the gene. We also com- 
pare the amino acid composition of YFP to that of the lu- 
mazine protein. 

EXPERIMENTAL PROCEDURES 
Mnterials. Restriction endonucleases, T4  DNA ligase, and 

T4 polynucleotide kinase were purchased from Boehringer 
Mannheim and New England Biolabs. M13 universal and 
pBR322 Hind111 counterclockwise primers were purchased 
from New England Biolabs. Nitrocellulose was purchased 
from Micro Filtration Systems, and [ Y - ~ ~ P I ~ A T P  and [a- 
32P]dATP were obtained from New England Nuclear. 
Electrophoresis chemicals were purchased from ICN 
Biomedicals. Sequenase version 2.0 and the Sequenase DNA 
sequencing reagent kit were from United States Biochemical 
Corp. Custom oligonucleotides were synthesized with an 
Applied Biosystems Model 380B DNA synthesizer. 

Bacterial Strains and Plasmids. E. coli strain TBl  
(Baldwin et a]., 1984) was used for the genomic DNA cloning 
experiments, and strain LE392 (Maniatis et al., 1982) was 
used for expression of the Y FP-encoding plasmid. Plasmid 
pBR322 that had been digested with HindIII and treated with 
calf intestine phosphatase was purchased from New England 

5'-ATG TTT AAA GGT ATA GT-3' 
MT-2 C G C T  

C 

Biolabs. Plasmid pGEM7Zf(+) was purchased from Promega 
Corp. Plasmid pUC 19 was obtained from Bethesda Research 
Laboratories. E. coli cells were grown in LB medium con- 
taining 100 pg/mL carbenicillin a t  37 "C. V,fischeri Y-1 
cells were grown in sodium chloride complete medium a t  18 
"C (Nealson, 1978). 

Construction of Recombinant Plasmids. V. fischeri Y- 1 
genomic DNA from cells grown into late log phase was isolated 
by lysozyme-SDS lysis of the cells, phenol extraction, and 
ethanol precipitation and was purified by CsCl ultracentri- 
fugation (Sato & Miura, 1963). The Y-1 genomic DNA was 
digested with HindIII for 3 h a t  37 "C and then phenol-ex- 
tracted; 10 pg of the digested Y-1 genomic DNA was mixed 
with 1 pg of pBR322 DNA previously cut with HindIII. The 
ligation reaction was allowed to proceed for 16 h a t  16 "C with 
T4 DNA ligase. Half of this mixture was added to competent 
TBl cells and incubated on ice for 110 min, then heated to 
45 "C for 3 min, and diluted into 10 mL of LB media. After 
60 min at 37 "C with aeration, 50 pL of the culture was spread 
onto each of 120 agar plates containing 100 pg/mL carben- 
icillin. The plates were incubated for 18 h a t  37 "C. Ap- 
proximately 2300 individual colonies were picked onto gridded 
agar plates supplemented with carbenicillin. Colonies were 
transferred to nitrocellulose filter circles; duplicate circles were 
made from each plate. The colonies on the filter circles were 
lysed and the DNA fixed to the filters (Maniatis et al., 1982). 
The filters were then probed with the 32P-labeled mixed oli- 
gonucleotide shown in Chart I.  Labeling of the oligo- 
nucleotide was accomplished by using T4 polynucleotide ki- 
nase. Hybridization and washing were carried out as described 
below under Southern Blot Analysis. Plasmid preparations 
were made (Holmes & Quigley, 1981) from 12 isolated col- 
onies that appeared to hybridize with the probe. One plasmid 
(designated pMT23.1) hybridized with the probe in Southern 
blots (Southern, 1975). The partial nucleotide sequence of 
plasmid pMT23.1 was determined by the "dideoxy" chain 
termination method (Sanger et al., 1977) using MT-2 and 
pBR322 HindIII counterclockwise primer (New England 
Biolabs no, 1205) as primers. Data from these reactions 
demonstrated that the 5' end of luxY resided between the SspI 
site and the EcoRI site (see Figure 2). Plasmid pMT23.1 
(1.0 pg) was digested with HindIII for 1 h at 37 "C  and then 
with SspI and Sau3AI for 1 h at 37 "C; a small fragment (252 
bases long) was cloned into 0.1 pg of pGEM7Zf(+) previously 
cut with SmaI  and HindIII. The resulting plasmid was 
designated pMT23.2 (Figure 2). 

Genomic DNA from V.fischeri Y-1 (10 pg), digested with 
EcoRI and ClaI, was mixed with 1 pg of pGEM7Zf(+) 
previously digested with the same enzymes. After addition 
of T4 DNA ligase, the mixture was incubated a t  16 "C for 
6 h. Half of the mixture was used to transform competent 
TBl cells as described above. About 4900 colonies were picked 
and transferred to nitrocellulose filters. After cell lysis and 
DNA fixation, the filters were probed with the oligonucleotide 
shown in Chart I1 (designated luxY4B). Hybridization and 
washing were carried out as before. Six colonies were isolated 
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FIGURE 2: Construction of plasmids used in the cloning of the luxY 
gene of V.fischeri strain Y-I. Details are given under Experimental 
Procedures. 

Chart 11: Sequence of the Oligonucleotide Used To Probe the 
EcoRI-CluI-Digest-Generated Clone Bank of Y- 1 Genomic DNA in 
E.  coli 
5'-CAA ACA TTG TCT GGT TTG-3' l u x Y 4 B  

that hybridized with the probe under these conditions. Plasmid 
preparations from four of the colonies were made and partial 
nucleotide sequences determined by using ZuxY4B as a primer. 
The nucleotide sequence from one of the plasmids, designated 
pMT12.1, allowed extension of the sequence of ZuxY through 
the 3' end of the coding region. 

Intact ZuxY was reconstructed from pMT12.1 and 
pMT23.2. Plasmid pMT12.1 was digested with XhoII, Hin- 
dIII, and Taql. The digest was mixed with pMT23.2 digested 
with HindIII and BamHI and the mixture treated with T4 
DNA ligase, producing the plasmid pMT2312 (see Figure 2). 
This plasmid was digested with KpnI and Sac1 and the ZuxY 
insert transferred into pUC19 previously digested with the 
same enzymes, yielding plasmid pMTY4 (Figure 2). 

Southern Blot Analysis. Southern transfers and blots were 
performed as previously described with minor modifications 
(Maniatis et al., 1982; Southern, 1975). Oligonucleotide 
probes were end-labeled by using T4 polynucleotide kinase and 
[y3*P]dATP. Probing and washing were carried out with the 
buffers suggested by Maniatis et al. (1982), but hybridization 
was carried out at  47 "C for 1 h, then 45 "C for 2 h, and 42 
"C for the remaining 12-14 h. Washes were carried out as 
follows: four washes in 6X SSC and 0.1% SDS for 20 min 
each at room temperature, followed by two washes with the 
same buffer at 32 "C for 20 min each, and then two washes 
with the same buffer at  37 OC for 10 min each. 

Western BZot Analysis. Cultures of E. coli (LE392) were 
grown in 5-mL aliquots at 18 "C for 48 h. The cells were 
pelleted by centrifugation and rinsed with 75 pL of 10% tri- 
chloroacetic acid. Pellets were resuspended in 100 pL of 125 

FIGURE 3: Strategy for determination of the sequence of V. fischeri 
Y-1 luxY. Arrows indicate direction and length of the sequence 
determined. Notations above the arrows identify the plasmid that 
was used for that region's sequence determination: a refers to plasmid 
pMT23.1; b, plasmid pMT 12.1; and c, plasmid pMTY4. The bar 
labeled luxY is shaded differentially to show the relative sizes of the 
inserts in pMT23.1 and pMTl2.1. The dark shading represents the 
portion of the sequence contained in pMT23.1; the light shading, the 
sequence in pMT 12.1. 

mM Tris-HC1, pH 8.8, 2.5% SDS, and 2.5% 2-mercapto- 
ethanol. The samples were subjected to Western blot analysis 
as described by Daubner et al. (1986); antibodies for probing 
the blots were prepared in rabbits injected with YFP by the 
methods of Crowle (1973). 

DNA Sequencing and Sequence Analysis. The nucleotide 
sequence of both strands of plasmid DNA was determined by 
using modifications (Tabor & Richardson, 1987) of the di- 
deoxynucleotide chain termination method (Sanger et al., 
1977). DNA sequence data were analyzed by using software 
from Intelligenetics, Inc., on a Digital VAX Model 750 com- 
puter and DNA Inspector IIE from Textco, West Lebanon, 
NH, on a Macintosh 11. 

RESULTS AND DISCUSSION 
The construction of the plasmids used in the cloning of ZuxY 

is depicted in Figure 2. We had previously determined the 
N-terminal amino acid sequence of YFP, Met-Phe-Lys-Gly- 
Ile-Val-Glu-Gly-Ile-Gly-Ile-Ile-Glu-Lys-Ile (Daubner et al., 
1987). This amino acid sequence was scanned for the cor- 
responding DNA sequence giving the longest possible least 
degenerate oligonucleotide mixture. Two mixtures of oligo- 
nucleotides, all 17-mers, were synthesized, the mixtures dif- 
fering only in the bases at  position 12 (Chart I). These 
mixtures were used separately to probe Southern blots con- 
taining restriction enzyme digests (HindIII, BamHI, EcoRI, 
SaZI, and PstI, used separately) of V./.scheri Y-1 genomic 
DNA. Only one mixture, MT-2, hybridized to fragments in 
the Southern blot and was therefore used to probe the HindIII 
library of Y-1 genomic DNA generated by using the vector 
pBR322 in E. coli. A plasmid containing a HindIII restriction 
fragment from the Y-1 genomic DNA library that hybridized 
with MT-2 (plasmid pMT23.1) was isolated and the nucleotide 
sequence of a portion of the insert determined. Sequence 
determinations performed on pMT23.1 with MT-2 as primer 
yielded information extending from base 105 of ZuxY to base 
200, the location of the HindIII site used in the cloning (see 
Figure 3). The next primer used for sequencing consisted of 
the sequence complementary to bases 1 17-1 3 1. This exper- 
iment yielded the sequence of the complementary strand ex- 
tending beyond the 5' end of the ZuxY coding region. The first 
45 bases of the ZuxY coding sequence encoded an amino acid 
sequence that exactly matched the N-terminal amino acid 
sequence of YFP determined by Edman degradation. The first 
17 bases of the coding region matched one of the sequences 
present in the hybridization probe mixture MT-2 (see Chart 
I). A putative ribosome binding site was found in the 5' 
untranslated region. Since the sequence from the start of ZuxY 



5512 Biochemistry, Vol. 29, No. 23, 1990 Baldwin et al. 

5 0  
AATATTTTTA TTAATTCATT AGAAAAATGA -T TATT ATG TTT AAA GGT ATA GTA GAA GGT ATA 

met-phe-lys-gly-ile-Val-glu-gly-ile 

100 
GGA ATC ATT GAA AAA ATT GAT ATA TAT ACT GAC CTA GAT AAG TAT GCA ATT CGA TTT CCT GAA AAT 
gly-ile-ile-glu-lys-ile-asp-ile-tyr-thr-asp-leu-asp-lys-tyr-ala-ile-arg-phe-pro-glu-asn 

1 5 0  2 0 0  
ATG TTG AAT GGA ATT AAA AAG GAG TCG TCA ATA ATG TTT AAC GGA TGC TTC TTA ACG GTA ACT AGC 
met-leu-asn-gly-ile-lys-lys-glu-ser-ser-ile-met-phe-asn-gly-cys-phe-leu-thr-val-thr-ser 

2 5 0  
GTG AAT TCA AAC ATT GTC TGG TTT GAT ATA TTT GAA AAA GAA GCA CGT AAG CTT GAT ACT TTT CGG 
val-asn-ser-asn-ile-val-trp-phe-asp-ile-phe-glu-lys-glu-ala-arg-lys-leu-asp-thr-phe-arg 

300  
GAA TAT AAG GTA GGT GAC CGA GTA AAT TTA GGA ACA TTC CCA AAA TTT GGC GCT GCA TCT GGT GGG 
glu-tyr-lys-val-gly-asp-arg-val-asn-leu-gly-thr-phe-pro-lys-phe-gly-ala-ala-ser-gly-gly 

3 5 0  4 0 0  
CAT ATA TTA TCA GCA AGG ATT TCA TGT GTA GCA AGT ATT ATT GAA ATA ATA GAA AAT GAG GAT TAT 
t~s-ile-leu-ser-ala-arg-ile-ser-cys-val-ala-ser-ile-ile-glu-ile-ile-glu-asn-glu-asp-tyr 

450  
CAA CAA ATG TGG ATT CAA ATT CCT GAA AAT TTT ACA GAG TTT CTT ATT GAT AAA GAC TAT ATT GCT 
gln-gln-met-trp-ile-gln-ile-pro-glu-asn-phe-thr-glu-phe-leu-ile-asp-lys-asp-tyr-ile-ala 

5 0 0  
GTG GAT GGT ATT AGC TTA ACT ATT GAC ACT ATA AAA AAC AAC CAA TTT TTC ATT AGT TTA CCC TTA 
val-asp-gly-ile-ser-leu-thr-ile-asp-thr-ile-lys-asn-asn-gln-phe-phe-~le-ser-leu-pro-leu 

5 5 0  
AAA ATA GCA CAA AAT ACA AAT ATG AAA TGG CGA AAA AAA GGT GAT AAG GTA AAT GTT GAG TTA TCA 
lys-ile-ala-gln-asn-thr-asn-met-lys-trp-arg-lys-lys-gly-asp-lys-val-asn-val-glu-leu-ser 

650  
AAC AAA ATT AAT GCT AAC CAG TGT TGG TAA T TTACTGAGGA TAGTAAAAAT GAACTGTTTA AAATAATATT T 
asn-lys-ile-asn-ala-asn-gln-cys-trp-STOP 

700 
AAATTTTTA TTTATAATAC AGAGTCAGTT GTTGTAAATA GTCTGAGTGG TAAATAAGTT CTACCATTAA TTAA 

750 0 7 7 1  
ATATTA TCCATATTAA ATAAAGGATC T 

FIGURE 4: Complete nucleotide sequence of the luxY gene from V.fischeri Y-1 and the encoded amino acid sequence of the yellow fluorescent 
protein. A possible ribosome binding site is underlined. The EcoRI and HindIII sites are indicated by italic type. Numbering of the bases 
is from the first base of the Sspl site. 

to the HindIII site was too short (208 bases) to encode the 
entire protein, an overlapping fragment was cloned. An oli- 
gonucleotide corresponding to bases 167-184 of luxY (bases 
21 1-228 in Figure 4) was synthesized (luxY4B, Chart 11). 
A second Y-1 genomic DNA library, generated by digestion 
with EcoRI and ClaI, was prepared for the isolation of the 
remainder of the gene. The oligonucleotide luxY4B hybridized 
with a fragment in the EcoRI-ClaI-generated Y-1 genomic 
DNA library. Sequence analysis revealed that the luxY coding 
region in this second fragment overlapped the coding region 
in the previously isolated HindIII fragment; the two were 
recombined by using the HindIII site they had in common, 
giving plasmid pMT23 12. Plasmid pMT23 12 was treated with 
KpnI and Sac1 and the luxY gene transferred into pUC19, 
yielding plasmid pMTY4. 

The strategy by which the gene was sequenced is presented 
in Figure 3. Since the luxY gene was isolated in two parts 
(with the EcoRI-Hind111 fragment in common) and reas- 
sembled, primers that allowed sequencing across the point 
where our two clones were recombined were used twice, once 
for sequencing in pMT23.2 or pMT12.1 and once for se- 
quencing in pMTY4. Also, the 3’ and 5’ ends were sequenced 
twice, first in pMT23.2 or pMT12.1 and then again in 
pMTY4, to assure that no modifications had occurred during 
cloning. The complete nucleotide sequence of luxY and the 
encoded amino acid sequence of YFP are given in Figure 4. 

The sequence shown is of a 771-base-pair region extending 
from the SspI site upstream of the coding region through the 
HindIII site (position 252) that was used in reconstruction of 
luxY to theXhoII downstream of the YFP coding region. This 
fragment had a single long open reading frame encoding a 
22 21 1-dalton polypeptide composed of 194 amino acid resi- 
dues. The amino acid sequence of YFP was compared to other 
protein sequences contained in the GenBank database. No 
complete or partial similarities were found to any protein in 
the current contents of the database. The distribution of 
hydrophobic and hydrophilic residues in the encoded amino 
acid sequence is suggestive of a globular protein. The only 
striking feature of the amino acid sequence is the high level 
of isoleucine in the protein. The high level of isoleucine may 
result from the same factors that render the luxY gene high 
in content of A + T residues (see discussion below). 

The amino acid compositions of lumazine protein (Small 
et al., 1980) and of YFP predicted from our DNA sequence 
are compared in Table I. Although both proteins bind het- 
erocyclic fluorescent molecules as prosthetic groups, interact 
with luciferases from various species of bioluminescent bac- 
teria, and have a monomer molecular weight of about 22 000, 
they are very different in amino acid composition. I n  par- 
ticular, very striking differences between the lumazine protein 
and YFP are seen in content of valine, isoleucine, tryptophan, 
and phenylalanine. From these data we conclude that the 
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alanine 4 9 
arginine 3 6 
aspartate/asparagine 28 
asparagine 16 
aspartate 12 
cysteine 2 3 w w w  

glutamate/glutamine 17 
glutamate 13 
glutamine 6 

histidine 2 1 
isoleucine 20 27 

* * * *  * * *  * * * *  * * * *  
& s z z w  5 2 %  y S E 2  z g z z  

nnnn nnn nnnnnnnn 

.L: k 611-6- v v v w  " W  - w w  w m m o  w w w w  b"V, v m - w  

k g q z e  e4-;? z a F *  
glycine 17 12 5 O N N -  N - 6  m - 0 -  *a-- 

lysine 12 17 0 W W W Y  <c%< w w y w  f u u c  < < < a  w w w w  0 0 0 0  w w w w  

- 
3nn3znnn hn-h-nnh leucine 14 11 o g g 2  F y F F  3,x>3 

methionine 1 5 <cur3 < c w 0  u c u 0  <cur3 
0 0 0 0  0 0 0 0  0 0 0 0  0 0 0 0  

% < < < <  c-eel- u u u u  0 0 0 0  
phenylalanine 5 13 
proline 4 4 

g G  m o m -  - - m -  11-11-mm c o o - m  serine 10 11 
- \ O W N  m m m m  m - - m  11-2"" threonine 13 9 

tryptophan 4 2 nnnn nnnn nnnn nnnn 

3 g C2Z.8 Z2ZZ =ZC.2 .2=zR tyrosine 2 5 
valine 22 10 8 

iLj k g q z z  q % w z  3 3 m ' o  o e m s  
5 

m m o -  vi-0- -N -o  - m o o  

* * * *  * * * *  * * * *  * * * *  

- 
w w w w w w v  

e, * *  'Small et al. (1980). 
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0 -  c G  

33 
a-s m c  

25  

b s  
g s  
2z 
5 %  
3 2  
F-2 
. - *  k <  
3 s  e- & 2 8 -  * =  
.5 !i 
$ 8  
3; 
4 2  
8 g  
- 0 % .  

Y r  

Y O  

Y 

c m  

mo1/22000 g of mol/mol of 
amino acid lumazine protein' YFP subunit 

similarities in the functions and molecular weights of lumazine 
protein and YFP are probably coincidental. 

The base composition of the coding region of luxY is re- 
markably rich in adenine and thymine (71% AT). This is also 
a feature of other genes that have been studied from Kfischeri 
(ATCC 7744): luxR and luxI, 69% AT, and luxA and luxB, 
67% AT (Devine et al., 1988; Foran & Brown, 1988; Baldwin 

harueyi contain 55% adenine and thymine (Johnston et al., 

The heavy bias toward use of AT is mirrored in the codon 

et al., 1989). In comparison, the luxA and luxB genes in V. 

1986). 

usage of V. fischeri. Table I1 presents the complete codon 
usage for the V. fischeri ATCC 7744 genes luxCDABE, plus 
luxR and lux1 (Baldwin et al., 1989), V. harueyi luxAB 
(Johnston et al., 1986), V.fischeri strain Y-1 luxY, and the 
genes of the E .  coli str operon (Post & Nomura, 1980). The 
str operon is included to enable comparison to a codon usage 
that is based on the abundance of isoaccepting tRNA species 
in E .  coli. For some amino acids that can be encoded by two 
codons, Vfischeri displays a strong bias toward the codon with 
an A or T in the third position. For instance, in encoding 
phenylalanine, the V.fischeri lux region used TTT 94 times 
and TTC only 14 times; similar bias is seen in the coding for 

amine (Table 11). V. harueyi shows the same preference only 
when coding for glutamate. For some amino acids that can 
be encoded by more than two codons, such as threonine, valine, 
alanine, and isoleucine, the genes of V. fischeri heavily favor 
the use of codons with A and T in the third position over use 
of codons with G and C. Neither the E .  coli str operon nor 
V. harueyi appears to favor either G and C or A and T in that 
position. 

YFP can be expressed in E.  coli as shown in Figure 5 .  

pMTY4 contained a protein that reacted with antibody raised 
to authentic YFP purified from V,fischeri Y-1. A standard 
of purified YFP, which reacted strongly with the antibody, 

lysine, asparagine, aspartate, tyrosine, glutamate, and glut- 

Western blot analysis showed that E .  coli transformed with 
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a ~ c a e f g n i j  
FIGURE 5: Western blot analysis of a polyacrylamide gel, showing 
antibody recognition of purified YFP and YFP produced in E. coli 
carrying the plasmid pMTY4. Slot a contains 1.6 pg of pure YFP. 
Slots b-i contain total cellular proteins from 5-mL cultures of E. coli 
carrying separate isolates of the plasmid pMTY4. Slot j is the control 
exhibiting proteins produced by E. coli carrying the plasmid pUC19. 
Cultures displayed in slots b-i produced a protein that had the same 
electrophoretic mobility as authentic Y FP and reacted with antibody 
produced by using authentic Y FP as antigen. This protein was not 
present in cells that did not contain the pMTY4 plasmid, leading us 
to conclude that the plasmid pMTY4 encodes production of authentic 
YFP in E .  coli. 

The luxY gene does not appear to reside within the lux 
regulon of V. fischeri Y -  1 .  The sequence determined upstream 
of luxY extended over 150 base pairs, well beyond the SspI 
site limit of Figure 4, while the sequence determined down- 
stream extended over 210 base pairs, about 100 base pairs 
beyond the XhoI site limit of Figure 4, without an open reading 
frame. In contrast, the genes within the lux regulon of V. 
fischeri ATCC7744 are closely spaced. There is no apparent 
homology between any of the sequence reported here and any 
of the V.fischeri ATCC 7744 regulon, which has been com- 
pletely sequenced (Baldwin et al., 1989). There were no ob- 
vious promoter elements upstream of the luxY coding region 
and no fusions have been constructed to elucidate a luxY 
promoter. The location of the luxY gene relative to the lux 
regulon of V.fischeri Y-1 therefore remains unknown, as does 
the mechanism that regulates expression of this apparently 
integral component of the bioluminescence system of V. 
fischeri Y-1 . 
SUMMARY 

We have cloned and sequenced the luxY gene of V.fischeri 
Y-1, which encodes the yellow fluorescent protein, a protein 
of Mr 22 2 1 1. E. coli cells carrying the luxY gene on a plasmid 
produce a protein that reacts with antibody to authentic YFP 
and has the same electrophoretic mobility in sodium dodecyl 
sulfate gels as YFP. The amino acid composition of YFP is 
quite different from that of the lumazine protein of P. phos- 
phoreum. Furthermore, the amino acid sequence of YFP does 
not show any similarity to other proteins sequenced to date. 
The AT-enriched nature of the luxY gene and the V.fischeri 
ATCC 7744 lux regulon seems to lead to a codon usage quite 
different from that of V. harveyi. 
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ABSTRACT: The  N A D H  dehydrogenase complex isolated from Paracoccus denitrificans is composed of 
approximately 10 unlike polypeptides and contains noncovalently bound FMN,  non-heme iron, and acid-labile 
sulfide [Yagi, T. (1986) Arch. Biochem. Biophys. 250, 302-31 11. When the Paracoccus N A D H  de- 
hydrogenase complex was irradiated by UV light in the presence of [ a d e n y l ~ t e - ~ ~ P I N A D ,  radioactivity was 
incorporated exclusively into one of three polypeptides of MI N 50 000. Similar results were obtained when 
[ a d e n ~ l a t e - ~ ~ P I N A D H  was used. The  labeling of the MI 50000 polypeptide was diminished when UV 
irradiation of the enzyme with [adenylate-32P]NAD was performed in the presence of NADH,  but not in 
the presence of NADP(H) .  The  labeled polypeptide was isolated by preparative sodium dodecyl sulfate 
gel electrophoresis and was shown to cross-react with antiserum to the NADH-binding subunit (MI = 51 000) 
of bovine NADH-ubiquinone oxidoreductase. Its amino acid composition was also very similar to  that of 
the bovine NADH-binding subunit. These chemical and immunological results indicate that the M ,  50 000 
polypeptide is an NADH-binding subunit of the Paracoccus N A D H  dehydrogenase complex. 

M i t o c h o n d r i a l  NADH-ubiquinone oxidoreductase (com- 
plex I)’ bears coupling site 1 of oxidative phosphorylation and 
is composed of more than 25 unlike polypeptides (Hatefi, 1985; 
Yagi, 1989; Ragan, 1987). This complexity has hampered 
progress in the study of many aspects of the structure and 
function of mitochondrial complex I (Hatefi, 1985; Yagi, 1989; 
Ragan, 1987). In an effort to find a simpler system with which 
to clarify the structure and function of NADH-Q oxido- 
reductase, we have purified the NADH-Q oxidoreductase 
from Paracoccus denitrificans membranes (Yagi, 1986) which 
bear coupling site 1 (Stouthamer, 1980) and exhibit similar 
EPR signals to the mammalian complex I (Albracht et al., 
1980; Meinhardt et al., 1987). The NADH dehydrogenase 
complex purified from Paracoccus membranes is composed 
of 10 unlike polypeptides and contains noncovalently bound 
FMN and multiple iron-sulfur clusters (Yagi, 1986), sug- 
gesting that the Paracoccus system is structurally simpler than 
its mammalian counterpart, as has been shown also for other 
energy-transducing enzyme complexes of the respiratory chain 
[cytochrome oxidase (Ludwig & Schatz, 1980; Haltia et al., 
1988) and ubiquinol-cytochrome c oxidoreductase (Yang & 
Trumpower, 1986)l. Recently, we (Yagi et al., 1988) have 
isolated the NADH-Q oxidoreductase of Thermus thermo- 
philus HB-8 which bears coupling site 1 (Meinhardt et al., 
1990). The Thermus NADH-Q oxidoreductase, which is 
partially sensitive to rotenone, is also composed of 10 unlike 
polypeptides, although EPR signals of the Thermus NADH-Q 
oxidoreductase segment are different from those of mammalian 
complex I (Meinhardt et al., 1990). 

‘This work was supported by U S .  Public Health Service Grant 
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Institute of Scripps Clinic, La Jolla, CA. 

* To whom correspondence should be addressed. 

In the case of bovine complex I, some of the subunits have 
been characterized (Hatefi, 1985; Yagi, 1987, 1989; Ragan, 
1987; Yagi & Hatefi, 1988; Fearnley et al., 1989). For ex- 
ample, Chen and Guillory (1981) have shown that the MI 
5 1 000 polypeptide of bovine complex I is the NADH-binding 
subunit, using a tritiated photoaffinity NAD analogue. Re- 
cently, it was shown by our laboratory (Yagi, 1987; Yagi & 
Hatefi, 1988) that DCCD inhibits the NADH-Q oxido- 
reductases of various organisms bearing energy coupling site 
1, and the DCCD-binding subunit of bovine complex I was 
assigned to the mitochondrial ND-1 gene product. Studies 
of Earley et al. (1987) have suggested that the rotenone- 
binding subunit of complex I is also the ND-1 gene product. 
However, nothing is known about the characteristics of the 
subunits of the NADH-Q oxidoreductases of bacteria bearing 
coupling site 1. Therefore, it was of interest to elucidate the 
function of various polypeptides in Paracoccus NADH de- 
hydrogenase complex. 

This paper describes the identification of the NADH- 
binding subunit of the NADH dehydrogenase complex from 
Paracoccus denitrijicans. UV irradiation of the NADH de- 
hydrogenase complex with [32P]NAD or [32P]NADH resulted 
in incorporation of radioactivity into a single polypeptide of 
MI 50 000. The MI 50 000 protein band was protected from 
[32P]NAD labeling in the presence of NADH, but not in the 
presence of NADP(H). In addition, antiserum to the 
NADH-binding subunit of bovine complex I cross-reacted with 

I Abbreviations: complex I, NADH-quinone oxidoreductase bearing 
energy coupling site; Q, quinone; EPR, electron paramagnetic resonance; 
DCCD, A’,”-dicyclohexylcarbodiimide; SDS, sodium dodecyl sulfate; 
IEF, isoelectric focusing; FP, IP, and HP, flavoprotein, iron-sulfur pro- 
tein, and hydrophobic protein fractions of complex I, respectively; &, 
inhibition constant. 

0006-2960/90/0429-55 15$02.50/0 0 1990 American Chemical Society 


