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The light-organ symbiont of pine cone fish, Vibrio fischeri, senses its presence in the host and responds
to environmental changes by differentially expressing its symbiosis-related luminescence genes. The V. fischeri
luminescence genes are activated by LuxR protein in the presence of an autoinducer. In an effort to elucidate
the mechanism of regulation of luxR, a plasmid containing JuxR was mutagenized in vitro with hydroxylamine
and a luxR mutant plasmid was isolated by its ability to activate luminescence genes cloned in E. coli in
the absence of the autoinducer. The specific base change identified by DNA sequencing was only single
base transition at +78 from the transcriptional start of luxR. Based on a Westermn immunoblot analysis, the
nucleotide change directed the synthesis of much higher level of LuxR protein without any amino acid
substitutions. The results suggest that the region including the +78th base is presumably internal operator
required for autorepression of luxR, and the increased cellular level of LuxR resuits in activation of luminescence

genes by autoinducer independent fashion.

The luminescent marine bacterium, Vibrio fischeri, can
be isolated from seawater and it also occurs as the
bacterial symbiont in the light organs of certain marine
fishes (2,12, 41, 42, 43). Rapid advances in molecular
and genetic analyses of the V. fischeri luminescence
system were made possible by the isolation of a 9-kilo-
base (kb) fragment of V. fischeri DNA that encodes lu-
minescence enzymes and contains regulatory elements
necessary for their expression in Escherichia coli (15, 16,
18). The functions were organized in two contiguous
but divergent transcriptional units, JuxR and the lumine-
scence genes (luxICDABE operon) (Fig. 1). In the lux
operon, luxl encodes autoinducer synthase; luxC, luxD,
and JuxE specify components of a fatty acid reductase
system for synthesis of aldehyde substrate of luciferase;
and luxA and luxB encode the o and B subunits of
luciferase. The JuxR gene encodes a polypeptide (LuxR)
which, along with autoinducer, is necessary for the acti-
vation of the luminescence genes transcription (15, 16).

The luminescence of V. fischeri is inducible. The indu-
cer, N-(3-oxohexanoyllhomoserine lactone, termed au-
toinducer, is a diffusible metabolite produced by V. fis-
cheri that accumulates at equal concentrations in the
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culture medium and in cells during growth (14, 28, 38).
When a sufficient amount of autoinducer is present,
autoinducer is thought to bind to LuxR, a receptor, and
the autoinducer-LuxR complex is thought to activate
transcription of the luminescence genes and then indu-
ction of luminescence commences (20, 29, 30). The in-
duction of the luminescence genes by the autoinducer
has been referred to as autoinduction. At high popula-
tion densities, such as the high cell density environment
(10"™~11" cells per ml) of a light organ , autoinducer
can reach the critical concentration necessary for induc-
tion and luminescence will occurs. In sea water where
V. fischeri exists at less than 107 cells per ml, autoinduc-
tion of luminescence would not be expected (20, 35,
36,41). Thus autoinduction system can be considered
as an environmental sensing system highly responsive
to the cell density of V. fischeri (12, 20).

Previous studies revealed that cyclic AMP receptor
protein (CAP) and cAMP activate transcription from JuxR
promoter (9, 10, 11). It is presumed that by this activa-
tion, sufficient LuxR protein is present prior to induction
to interact with autoinducer and potentiate the induc-
tion of luminescence (11). Furthermore, control of the
luminescence system by LuxR is complex. Expression
of luxR is negatively and positively autoregulated by
LuxR at the level of transcription (4, 46, 47, 48); a postt-
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ranscriptional autoregulation has also been reported
a7).

The fuxR gene has been sequenced and LuxR protein
predicted from the DNA sequence is 250 amino acid
residues in length (7, 18). The carboxy-terminal one-third
of LuxR shows sequence similarity to a group of known
or suspected transcriptional regulator proteins, the so-
called LuxR family of transcriptional regulators (24). This
group includes members of the so-called two compo-
nent environmental-sensing systems such as the transc-
riptional activators, UhpA, FixJ, and Narl (3,19, 27, 50).
Although LuxR activity in vitro has not yet been demon-
strated, a general view of some of the important feature
of this protein has been developed by studying the
activity of mutant LuxR proteins in vivo (4,5, 6, 20). Re-
cently Choi and Greenberg verified that LuxR is modular.
There is an N-terminal regulator module required to
block binding of a C-terminal activator module to the
appropriate fux DNA. Within the regulator module,
there is an autoinducer-binding region that is proximal
to the C-terminal module. Autoinducer binding to the
regulatory region is required to allow the C-terminal
module to bind DNA and to activate fux/CDABE transc-
ription (4, 5). The distal end of this N-terminal module
is required for autorepression of luxR by DNA-bound
LuxR (4).

There are 155 bp of DNA between the JuxR and
Juxi transcriptional start sites (7). Within this DNA seg-
ment, a sequence matching the consensus for a cyclic
AMP receptor protein binding site is located at —59
from the luxR transcriptional start site. Based on deletion
and point mutational analyses, it appears that a 20-bp
inverted repeat centered 40 bp upstream of the lux/
transcriptional start site is the LuxR binding site (8). It
was hypothesized that this site is required for luxtCDABE
activation and luxR repression (8). For luxR autoregula-
tion, however, the distance between this presumptive
LuxR-binding site and luxR transcription start point is
115 bp and seems so far that direct interaction of LuxR
with RNA polymerase initiation complex can not be
expected. Meanwhile Shadel et al demonstrated ano-
ther negative acting cis element within the luxD gene
using deletion analysis. They also proposed a model
describing autorepression of [uxR promoter by forming

| | L L I I L L
0 1 2 3 4 5 6 7 8

Kilobase Pairs

Fig. 1. Organization of V. fischeri lux genes.
The luxR gene and the JuxICDABE luminescence genes are transcribed
divergently.
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a DNA-looping between LuxR bound to the 20-base
repeat sequence and this suspected operator (48). Ho-
wever, none of the analyses were performed to luxR
structural gene and the function of this region in fuxR
autoregulation is not yet obvious. The research descri-
bed herein was initiated to gain any evidence for the
presence of functional cis element in [uxR for the regu-
lation of luxR expression. In fact, the results of the ran-
dom mutational analyses of JuxR suggest that like other
transcriptional regulation, expression of luxR is also go-
verned by an intemal operator sequence located within
the JuxR structural gene.

MATERIALS AND METHODS

Bacterial Strains, Plasmids and Culture Conditions

The E. coli strain used was DH5a (22). The plasmids
used were pHK555, which contains a p15A replicon,
a chloramphenicol resistance marker, and a complete
lux gene cluster (Fig. 1) with a Mu dl1681 insertion
roughly in the middle of luxR (29); pjR551, a pHK555
derivative with a nonpolar mutation in lux/ that inactiva-
tes this gene (13); pPD749 contains a colEl replicon
(Fig. 2), an ampicillin resistance marker, and luxR under
control of the tac promoter (11); and the pSC749 and
pSC500 plasmids, which were derived fiom pPD749
as described below.

Cultures were grown in LB {Luria-Bertani) broth or
on LB agar containing the appropriate antibiotic for plas-
mid screening or maintenance (100 ug of ampicillin or
30 ug of chloramphenicol per ml) as described previou-
sly (10). Where indicated, isopropyl-B-D-thiogalactoside

L. In vitro mutagenesis with hydroxylamine

1. BoRl and i. FoRl and
Xbat
2. Isolate mutant plasmid and indentify Xbal
2. Isolate 0.3kb the mutated site by DNA sequencing 2. {solate 6.5kb
fragment fragment

Fig. 2. Construction of luxR-mutation plasmid pSC500.

The 0.3 kb DNA fragment from pSC749, and the 6.5 kb DNA fragment
from pPD749 were isolated after separation by electrophoresis through
low-melting temperature agarose.
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(IPTG; final concentration, 1 mM) was added to cultures
{(11). All broth cultures and plates were incubated at
30°C.

Plasmid Purification and Transformation Proce-
dure

Plasmids were purified by the procedure described
by Kraft et al. (31). Manipulations of plasmids were per-
formed according to the methods of Sambrook et al.
(44). The transformation procedure used was described
by Hanahan (22).

Isolation of pPD749 Derivatives with Mutations

The construction of pSC749 and pSC500, the JuxR
mutant plasmid used in this study, is depicted in Fig.
2. Mutagenesis of plasmid DNA was according to the
procedure described by Engebrecht and Silverman (16).
To generate mutations on fuxR, 3 ug of pPD749 was
incubated in 50 p/ of a mixture containing 0.5 M hydro-
xylamine, 0.5 mM EDTA, and 5 mM Tris (pH 6.0) for
8hr at 37°C. The reaction was stopped by the addition
of 950 p/ of 100 mM CaCl,, and the hydroxylamine-
mutagenized DNA was then used to transform E. coli
DH5a containing pJR551. The transformants were plated
on LB agar containing ampicilin, chloramphenicol and
IPTG. Colonies that appeared luminescent after 2 days
at 30°C were picked. Plasmid DNA from the lumines-
cent strains was isolated and used to transform E. coli
DH5¢, and ampicillin-resistant, chloramphenicol-sensi-
tive transformants, presumed to contain only the JuxR
mutant plasmid were selected. Plasmids from these tra-
nsformants showed EcoRI and Xbal restriction patterns
that were identical to those for pPD749. One of the
resultant plasmids, pSC749 was sequenced and saved
for further studies.

Construction of pSC500 Containing a Mutation wi-
thin /uxR Structural Gene

The JuxR mutant plasmid containing a mutation only
in luxR structural gene not in plasmid DNA was constru-
cted (Fig. 2). This was accomplished by subcloning the
luxR gene fragment excised from pSC749, which has
the mutated-sequence identified by sequencing, into
pPD749 digested with EcoRI and Xbal. The resulting
plasmid pSC500, was confirmed by DNA sequencing
again.

DNA Sequencing

The JuxR gene in pPD749 and the mutant luxR genes
in pSC749 and pSC500 were sequenced by the chain
termination method described by Sanger et al. (45). The
sequence of the JuxR open reading frame, through the
upstream promoter and downstream rmB transcription
terminator, was confirmed by DNA sequencing as desc-
ribed elsewhere (4, 5).

Gel Electrophoresis and Western immunoblotting

Sodium dodecyl sulfate-polyacrylamide gel electro-
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phoresis was carried out by the procedure established
by Laemmli (32), as described elsewhere (30). The resol-
ving gel contained 10% acrylamide. Western immunob-
lotting involved the procedure described by Brahamsa
and Greenberg (3) with a 1: 200 dilution of preabsorbed
LuxR antiserum to probe the nitrocellulose blot.

Determination of Cellular Luminescence

Broth cultures for luminescence and cell growth mea-
surements were grown essentially as described previou-
sly (10). Cultures were grown in 50 m/ of medium con-
tained in 250 m/ flasks with shaking (about 200 cycles
per min). Cultures were inoculated to an initial cell den-
sity of 0.002 to 0.008 (OD660). Inocula were from cultu-
res that had been grown in LB broth to a density of
0.5 (OD660) that were themselves inoculated from ove-
might cultures, The light-measuring equipment and sta-
ndard to calibrate the equipment have been described
elsewhere (23), as have the procedures for measuring
luminescence of broth cultures.

RESULTS AND DISCUSSION

Sequence of the luxR Gene from Selected pPD749
Mutants

Because the pJR551 has no functional lux/ to produce
autoinducer, LuxR protein coded from wild type pPD
749 is not able to activate JuxICDABE genes, and E.
coli containing both pPD749 and pJR551 are not lumi-
nous even in the presence of IPTG without extermal
addition of autoinducer (13). One of the pPD749 deri-
vatives, pSC749, activated luminescence genes on pJR
551 to produce light without addition of autoinducer
in this fux/~ background. It seemed possible that the
pSC749 has a mutant JuxR and its product activate the
promoter of luminescence genes by autoinducer inde-
pendent fashion.

The specific base change in the pSC749 was determi-
ned by DNA sequencing through the upstream promo-
ter and downstream terminator of the luxR open reading
frame. Only single base transition at +78 from the tran-
scriptional start of luxR was identified. The nucleotide
change and the resulting amino acid substitution in the
encoded LuxR are shown in Fig. 3. As expected from

+60 +80
pPD749; ATG AAA AAC ATA AAT GCLIGAC GAC........
M K N I N A|D D

pSC500; ATG AAA AAC ATA AAT GQT|GAC GAC........
M K N I N AT D D

Fig. 3. Nudeotide sequences and comesponding translated
amino residues of wild type and mutant JuxR genes.

The nucleotide substitution located at +78 from the transcriptional
start point of luxR is boxed.”
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wobble hypothesis, C-to-T transition of the triplet co-
ding alanine (5'-GCC-3) does not result in amino acid
substitution. Thus the LuxR coded by pSC749 in E. coli
is presumably the same wild type protein with alanine
at 6th amino acid.

The mutant plasmid was derived by in vitro mutage-
nesis (49) of pPD749 whole plasmid with hydroxyla-
mine. Thus mutant could be assumed to have resulted
from any changes in vector DNA itself such as promoter,
terminator and replication otigin sequence. For instance,
although amino acid sequence of the pSC749-encoded
LuxR protein was not different from that of wild type,
the increased copy number of the plasmid could affect
on the expression of luminescence genes on pJR551
by some reasons. To eliminate these possibilities, pSC
500 where the vector DNA sequence from pPD749
remained intact was constructed as mentioned in Mate-
rials and Methods, DNA sequencing of pSC500 ensured
that the promoter sequence was followed by a luxR
mutant gene with the 78th base substitution. Conse-
quently, pSC500 was used throughout my subsequent
experiments.

Cellular Luminescence in E. coli Containing pSC500
and pJR551

Levels of luminescence in E. coli containing pSC500
plasmid and pJR551 grown with IPTG were compared
to levels in £. coli containing pPD749 and either pHK555
or pJR551 (Fig. 4). The autoinduction response in cultu-
res of V. fischeri (35) and recombinant E, coli containing
the V. fischeri luminescence gene cluster (10) is charac-
terized by an initial decrease in luminescence during
the early logarithmic growth phase that is followed by
a rapid increase in luminescence, which occurs once
autoinducer has reached the required concentration of
about 10 nM as a result of the activity of basal levels

1012
=
g

1
> 100 -
‘-Lg l(/)
(o] 0 o
S 10 .g
£ s
% 10 :u,
ri] Q
e 108 &
s 1w &
/\A %
10—3 —a L A A 4 3 : 106 -

0 4 8 1216 ¢ 4 8 12 18

TIME (hours) TIME (hours)

Fig. 4. Luminescence and cell growth of £ coli containing
plasmids as indicated.

E. coli (pSC500, pJR551); O, @, E. coli (pPD749, pjR551); A, 4, E
coli (pPD749, pHK555); (1, B. Cell densities are indicated by open
symbois and luminescences by solid symbols and conditions for cultu-
res are described in Materials and Methods.
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of the lux/ gene product. Thus it appears that autoindu-
ction of luminescence resulted from the dependency
of LuxR activity on the cellular level of autoinducer.

The product of pPD749, which has a wild-type fuxR
gene, appeared to be autoinducer-dependent based
on the relationship between culture growth and lumine-
scence. Measurements of cellular luminescence of E.
coli containing pPD749 and pHK555 exhibited an initial
drop before induction and then stimulation of cellular
luminescence in the late logarithmic growth phase. This
characteristic autoinduction response indicated autoin-
ducer-dependent activation of luxICDABE genes by pPD
749 luxR gene product. In the meanwhile, in £ coli
containing pPD749 and pJR551, luminescence in whole
growth phase was not detected. This was expected be-
cause pJR551 is a lux!™ luxCDABE* derivative of pHK
555, it does not direct synthesis of autoinducer.

For culture containing pJR551 and pSC500, which has
luxR mutant gene without amino acid changes, the ini-
tial decrease in luminescence was not evident (Fig. 4).
The results of luminescence measurements and cell
growth were similar to those obtained with cultures of
E. coli containing pJR551 and pSC162 (4). pSC162 has
mutant luxR coding autoinducer-independent truncated
LuxR protein in which autoinducer binding region is
deleted (4). Luminescence is the phenotypic conseque-
nce of JuxICDABE genes transcriptional activation. Thus,
although there are altemnative explanations, the results
indicate that pSC500 luxR gene product activate lumi-
nescence genes by autoinducer-independent fashion.
However, it is remarkable that a nucleotide transition
in luxR exhibited autoinducer-independent activation
of luminescence genes and appeared to direct the syn-
thesis of wild type LuxR protein.

Intracellular Levels of LuxR Proteins from pPD749
and pSC500

From the experiments described above it is apparent
that pSC500 JuxR gene product has wild type amino
acid sequence but shows autoinducerindependent ac-
tivity in E. coli. It was interesting how the mutation can
change the apparent autoinducer dependency of LuxR.
To demonstrate that E. coli containing a pSC500 and
pJR551 encoded wild type LuxR protein and to estimate
the level of LuxR protein in the cells, a Western immu-
noblot analysis was performed (Fig. 5). The molecular
mass of the product encoded by pSC500 was in agree-
ment with that of wild type LuxR; that is about 28 kilo-
daltons (4, 5, 29). However, as judged from band inten-
sities, the pSC500 mutant JuxR plasmid produced much
higher cellular level of LuxR protein than pPD749. Al-
though the cellular level of LuxR encoded by pPD749
was sufficient for full induction of luminescence (Fig,
4), its band intensities on Westem immunoblot were
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Fig 5. Westem immunoblot analysis of whole cell extracts
of E coli containing pSC500 & pJR551 (lane a); pPD749 &
pJR551 (lane b); pPD749 & pHK555 (lane ).

The migrations of protein molecular size standards are indicated to
the left in kilodaltons.

even too faint to be observed ciearly.

As mentioned previously, it is not yet known whether
any trans factor including LuxR itself might bind to any
sequence within the JuxR structural gene. Nevertheless,
luxR has been known as the only V. fischeri genetic
element necessary for the regulation of luxR gene by
E. coli {4,17,46,47,48). Thus, it is reasonable to sup-
pose that LuxR encoded from pPD749 occurred even
in induced cells at such low levels because it was auto-
regulated negatively. It seems likely that the fuxR in
pSC500 with a base transition is released from this nega-
tive regulation to encode a much higher level of LuxR
protein. This indicates that the specific region, including
the 78th base from the start of JuxR transcription, is
required for the negative autoregulation of JuxR. Ob-
viously, the involvement of this region in authoregula-
tion of luxR whether at a transcriptional or at a post
transcriptional level can not be precisely defined be-
cause of the lack of a Northem analysis for luxR expres-
sion. However, assuming LuxR specifically interact with
luxR DNA, it is possible that LuxR binds to the region
including the +78th base to repress luxR transcription
and the base change prevent this interaction. In support
of this hypothesis, repression of transcription from DNA
sites located at substantial distances from the promoter-
transcription initiation region is not uncommon in bac-
terial systems (1,21, 33, 40).

In is also possible that the change in sequence resuits
in physical alterations in DNA such as the sequence
around the promoter being bent, and this alteration
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then may facilitate open complex formation at transcri-
ption initiation. It has been reported that the transcrip-
tional regulations of several genes in E. coli are accomp-
lished through allosteric effects caused by CAP or IHF
(integration host factor)-mediated DNA bending (25, 26).

As appears to be true of other transcriptional activa-
tors (34, 37,39), for LuxR, it has been thought to have
two conformation, active form and inactive form (4).
These two forms are in equilibrium and the autoinducer
can change theis equilibrium. In the absence of autoin-
ducer, a large portion of the protein in the cell exist
as an inactive form and the portion of active form is
too small to activate transcription. With accumulation
of autoinducer in the cell, the equilibrium assume to
move toward active conformation. Presumably, even
the equilibrium is still favored to inactive form in the
absence of autoinducer, the absolute level of LuxR with
active conformation can reach to critical point simply
by increasing the whole level of LuxR. Thus it seemed
likely that the apparent autoinducer-independency of
LuxR coded by pSC500 was possible by changing the
intracellular concentration resulted from the derepres-
sion of luxR, rather than by generating a new conforma-
tion of the protein.

Although specific DNA binding of LuxR in vitro has
not yet been demonstrated, the approach of using in
vitro random point mutagenesis coupled with in vivo
LuxR activity analysis has allowed me to develop a preli-
minary view of internal regulatory region for luxR autore-
gulation. Clearly, developing an in vitro assay for LuxR
binding on luxR DNA would be interesting. It is also
likely that in vivo footprinting could provide valuable
information on the interaction between the LuxR pro-
tein and fuxR DNA and could confirm the role of the
region around +78th base of luxR in this interaction.
Furthermore, these studies will provide much additional
insight into the autoinduction system and further our
understanding of the molecular basis of the expression
of genes involved in specific interactions between bac-
teria and animals.
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