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Regulation of the genes required for bioluminescence in the marine bacterium Vibrio fischeri (the lux
regulon) is a complex process requiring coordination of several systems. The primary level of regulation is
mediated by a positive regulatory protein, LuxR, and a small diffusible molecule, N-(3-oxo-hexanoyl)-
homoserine lactone, termed autoinducer. Transcription of the /luxR gene, which encodes the regulatory pro-
tein, is positively regulated by the cyclic AMP-CAP system. The lux regulon of V. fischeri consists of two
divergently transcribed operons designated operon; and operong. Transcription of the rightward operon
(operong; luxICDABE), consisting of the genes required for autoinducer synthesis (luxI) and light production
(luxCDABE), is activated by LuxR in an autoinducer-dependent fashion. The leftward operon (operon,)
consists of a single known gene, luxR. The LuxR protein has also been shown to decrease transcription of
operon, through an autoinducer-dependent mechanism, thereby negatively regulating its own synthesis. In this
paper we demonstrate that the autoinducer-dependent repression of operon,, transcription requires not only
LuxR but also DNA sequences within operong which occur upstream of the promoter for operon, . In the
absence of these DNA sequences, the LuxR protein causes an autoinducer-dependent activation of transcription
of operon, . The lux operator, located in the control region between the two operons, was required for both the
positive and negative autoinducer-dependent responses. By titration of high levels of LuxR supplied in trans
with synthetic autoinducer, we found that low levels of autoinducer could elicit a positive response even in the
presence of the negative-acting DNA sequences, while higher levels of autoinducer resulted in a negative
response. Without these DNA sequences in operong, LuxR and autoinducer stimulated transcription regardless
of the level of autoinducer. These results suggest that a switch between stimulation and repression of operon,
transcription is mediated by the levels of the LuxR-autoinducer complex, which in these experiments reflects

the level of autoinducer in the growth medium.

The expression of bioluminescence in the marine bacte-
rium Vibrio fischeri is regulated by a unique cell-density-
dependent mechanism, termed autoinduction (20). Autoin-
duction is mediated through the production of a small
molecule termed the autoinducer which in V. fischeri was
identified as N-(3-oxo-hexanoyl)-homoserine lactone (8, 9).
Autoinducer is freely diffusible across the cytoplasmic mem-
brane (16), affording V. fischeri a mechanism for sensing cell
density. At low cell density, the autoinducer diffuses into
and is diluted by the growth medium, while at higher cell
density the autoinducer can reach a critical intracellular
concentration capable of inducing bioluminescence.

The genes required for bioluminescence (lux) have been
isolated from V. fischeri and expressed from a variety of
plasmids in E. coli; the autoinduction mechanism observed
in V. fischeri appears to function in E. coli (10, 12). The
nucleotide sequence of the entire lux regulon from V. fischeri
ATCC 7744 has been determined (1). The lux genes are
organized into two operons, termed rightward and leftward,
which are divergently transcribed from a common regulatory
region separating the two operons (3, 10, 13). The right-
ward operon (operong) consists of six known lux genes
(luxICDABE) which encode the enzyme required for autoin-
ducer synthesis (luxI), the o and B subunits of the enzyme
luciferase (luxAB) and the enzymes which comprise the fatty
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acid reductase complex (luxC, luxD, and luxE) which pro-
vide luciferase with the aldehyde substrate necessary for
bioluminescence (11, 18). The leftward operon (operon;)
consists of a single gene, luxR, which encodes the regulatory
protein LuxR. The LuxR protein and autoinducer comprise
the primary lux-encoded regulatory molecules responsible
for autoinduction. The current model describing the induc-
tion of luminescence asserts that a low basal level of operong
transcription leads to the production of low levels of autoin-
ducer by the LuxI protein. At high cell densities, the
autoinducer can accumulate and interact with the LuxR
protein to form a complex capable of binding the lux opera-
tor and stimulating operong transcription (4). This autoin-
ducer-dependent transcriptional activation leads to the es-
tablishment of positive feedback induction of operong
transcription. Positive feedback results because luxI is lo-
cated in operong so that transcriptional activation by LuxR
and autoinducer leads to the production of more autoinducer
by increased levels of LuxI protein. The positive feedback
regulation of operong transcription leads to the observed
sharp induction of luminescence characteristic of the autoin-
duction response.

A fundamental aspect of this model of the autoinduction
response (3) involves direct interaction of the LuxR-autoin-
ducer complex with a specific site within the control region
of the lux regulon (4). We have shown that certain mutations
within a 20-bp palindromic sequence, ACCTGTAGGATCG
TACAGGT, located near the start point of transcription of
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FIG. 1. Summary of operon; reporter vectors used in this study. The locations of restriction enzyme sites utilized to construct the various
plasmid vectors are labeled below the regulon map, and the V. fischeri lux DNA fragments contained in each vector are designated by shaded
bars. All vectors listed have the luxA and luxB genes (bold arrows), encoding the luciferase enzyme from V. harveyi, located downstream of
the luxR gene. Important characteristics of each plasmid are as follows: pGS138, pGS545, and pGS111, the V. fischeri inserts are wild-type
DNA sequence; pGS560 is identical to pGS545 except that sequences between Kpnl and Hincll (luxI), which include the lux operator, are
deleted; pGS107(R ™) has a frameshift mutation in luxR; pGS132 and pGS129 have a mutant /ux operator (position 3 C to T); pGS122 has a
mutant /ux operator (central 12 bp deleted); pGS112 has a nonsense codon in /uxC; pGS113 has a nonsense mutation in luxI. Within the
expanded control region (hatched box), the black box represents the lux operator and the arrows indicate the direction of transcription from

the two characterized lux promoters (13).

operong, block the ability of the LuxR-autoinducer to stim-
ulate transcription. Furthermore, we have isolated muta-
tions in /uxR that result in a protein product requiring
elevated levels of autoinducer to stimulate transcription (22).
However, until recently, the possibility remained that the
effect of the LuxR-autoinducer was mediated through some
other DNA-binding factor to alter transcription rates. Recent
experiments (2) have shown that the negative effects of point
mutations within the defined operator sequence can be
reversed in an allele-specific fashion by single amino acid
changes in the LuxR protein. These mutants demonstrate
convincingly that the LuxR protein binds to the palindromic
sequence defined as the lux operator (4).

The expression of bioluminescence in V. fischeri is also
controlled by catabolite repression (14, 19). Studies utilizing
Escherichia coli strains deficient in either cyclic AMP
(cAMP) (cya) or catabolite gene activator protein (CAP)
(crp) demonstrated that operon; was the target for catabolite
repression and that transcription of operon; was activated
by the cAMP-CAP regulatory circuit (5, 6). The transcription
of operon;, and thus the /uxR gene, was also shown to be
negatively regulated by LuxR through an autoinducer-de-
pendent mechanism providing negative autoregulation of
LuxR synthesis (7). Negative autoregulation by LuxR re-
quired the production of relatively high levels of LuxR
protein produced from a tac promoter expression vector (6,
7). In this paper we present new aspects of lux regulation
which were revealed during experiments aimed at under-
standing the mechanism of LuxR negative autoregulation.

MATERIALS AND METHODS

Strains and plasmids. All experiments used E. coli TB1
[AsdR A(lac-proAB) ara rspL lacZAM15] or LE392 (hsdR514
hsdM supFE44 supF58 AlaclZY galK2 galT22 metBl trpRS5S5).

The V. fischeri inserts used to construct the operong

luciferase reporter plasmids used in this study are summa-
rized in Fig. 1. All plasmids listed in Fig. 1 contain the luxA
and luxB genes from Vibrio harveyi located downstream of a
full-length luxR gene. The luxA and luxB genes encode the
luciferase enzyme and comprise the luminescence reporter
which allowed quantitation of the level of transcription of
operon; .

The pGS545 and pGS560 plasmids are derivatives of
pBR322. The pGS560 plasmid only contains V. fischeri DNA
extending from the 3’ end of luxR to a Kpnl restriction site
located next to the lux operator (Fig. 1). This Kpnl site was
introduced by site-directed mutagenesis and was described
previously (4). All of the remaining reporter vectors are
derivatives of pACYC184. To create pGS107(R™), pGS107
was digested with Xbal, treated with T4 DNA polymerase,
and ligated to create a four-base insertion at the unique Xbal
site in luxR (Fig. 1) resulting in a shift in reading frame of the
luxR gene. The plasmids pGS129 and pGS132 have a single
base change (C to T; described previously [4]) at position 3
of the lux operator. The pGS112 and pGS113 plasmids have
nonsense codons in luxC and luxI, respectively. The pGS122
plasmid has a mutant /ux operator from which the central 12
bp were deleted. The plasmid pPD749 (a gift from Pete
Greenberg) was used to supply LuxR in trans in the presence
of isopropyl-pB-D-thiogalactopyranoside (IPTG) and was de-
scribed previously (6).

Site-directed mutagenesis. Site-directed mutagenesis was
done by the method of Kunkel (17) with slight variations and
using a derivative of the phagemid vector pTZ18R (Pharma-
cia) as described previously (22).

Growth of cultures and measurement of operon, transcrip-
tion as bioluminescence in vivo. The level of transcription of
operon; was determined by monitoring aldehyde-stimulat-
able luminescence of samples (1 ml) withdrawn from cul-
tures of E. coli transformed with various operon; reporter
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FIG. 2. Expression of luminescence in E. coli TB1 transformed
with pGS107(R™) and pPD749. IPTG and autoinducer (AI) were
added where indicated at an ODgy, of 0.4 to final concentrations of
1 mM and 2.5 pM, respectively. Luminescence in vivo, given as
light units per milliliter of culture, was plotted versus the ODgq, of
the culture and was monitored throughout growth.

plasmids. LB (Luria-Bertani) medium containing carbenicil-
lin (100 pg/ml) and/or chloramphenicol (34 pg/ml) was used
for growth and selection of plasmid-transformed strains.
Culture growth and measurement of cell density and lu-
ciferase activity in vivo (22) and autoinducer synthesis (19)
were performed as described previously. Complete growth
curves were done for all experiments and the values (light
units per milliliter) presented in Tables 1, 2, and 3 were
determined from graphs of data plotted as light units per
milliliter versus optical density at 600 nm (ODg,,) and
estimated to the nearest 0.5 light units per ml at a given
ODg0-

RESULTS

LuxR stimulates transcription of operon, in an autoinducer-
dependent fashion. The luxR gene in operon, reporter plas-
mid pGS107(R™) was inactivated by creating a frameshift at
the unique Xbal site (Fig. 1). The pGS107(R™) plasmid
contains V. fischeri DNA spanning the entire luxR gene,
regulatory region, and approximately half of the luxI gene
(Fig. 1). Synthesis of autoinducer was not possible in strains
carrying this plasmid since the luxI gene was inactivated by
deletion. Transcription of operon; was monitored from
cultures of E. coli carrying pGS107(R™) as the reporter
vector and pPD749 as the source for LuxR under control of
IPTG. By using this system, the effects of autoinducer and
LuxR on operon;_transcription were determined through the
addition of autoinducer and/or IPTG. The results (Fig. 2)
demonstrate that neither LuxR nor autoinducer alone affect
transcription from pGS107(R ™) since the addition of autoin-
ducer or IPTG to a culture resulted in the same level of
luminescence as that of a culture to which no additions
were made. However, when IPTG and autoinducer were
both added to a culture, an increase in luminescence was
observed (Fig. 2). The dual requirement for both IPTG
and autoinducer to increase luciferase synthesis from
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TABLE 1. Luciferase activity in vivo from E. coli LE392
carrying operon; reporter plasmids harboring intact [uxR

Operony, Light units/ml*

lux operator
reporter
plasmid genotype — Autoinducer + Autoinducer
pGS545 Wild type 9 22.5
pGS560 Operator deleted 4.5 5.5
pGS138 Wild type 6 23
pGS132 Position3 Cto T 6 7

“ Values given represent the peak light emitted from 1 ml of culture at an
ODygy of 2.0. Autoinducer was added at an ODgq of 0.2 to a final concentra-
tion of 1.5 pM where indicated.

pGS107(R™) demonstrated that LuxR was able to activate
transcription of operon, in an autoinducer-dependent fash-
ion. The absence of stimulation in the presence of autoin-
ducer alone demonstrated that the levels of LuxR produced
from pPD749 in the absence of IPTG must be very low
indeed.

Autoinducer-dependent stimulation of operon; transcrip-
tion by LuxR requires the lux operator. The plasmid pPD749
directs the synthesis of relatively high levels of LuxR protein
in the presence of IPTG since the luxR gene is transcribed
from the strong tac promoter and it is a high-copy-number
plasmid. The plasmids pGS545 and pGS138 were con-
structed to determine if the observed autoinducer-dependent
stimulation of operon, transcription could be duplicated by
levels of LuxR produced from a controlled-copy-number
plasmid and from the natural operon; promoter. Both
pGS545 and pGS138 contain the identical V. fischeri DNA
insert harboring the entire /uxR gene and regulatory region
(Fig. 1). The results (Table 1) demonstrate that the addition
of autoinducer to cultures of E. coli LE392 carrying pGS545
or pGS138 results in the stimulation of operon; transcrip-
tion. These observations were consistent with the ability of
LuxR to stimulate operon, transcription when supplied in
trans to the pGS107(R™) reporter vector (Fig. 2).

The autoinducer-dependent stimulation of operong tran-
scription requires participation of the lux operator located in
the control region (4). One observation that led to this
conclusion was that a change of position 3 of the lux operator
sequence from C to T almost completely removed the
stimulatory response. To determine if the lux operator was
likewise required to observe the stimulatory response of
operon;_transcription, two plasmids were constructed which
either deleted the lux operator altogether (pGS560) or
changed the lux operator at position 3 from C to T (pGS132).
Addition of autoinducer to cultures of E. coli carrying
pGS560 resulted in no significant increase in luminescence
compared with the 2.5-fold increase exhibited by the pGS545
plasmid which contains a wild-type operator (Table 1).
Cultures carrying pGS132 exhibited only a very slight in-
crease in luminescence in response to autoinducer instead of
the almost fourfold stimulation exhibited by the pGS138
plasmid with an intact operator (Table 1). These results
suggest that the ability of the LuxR-autoinducer to stimulate
operon;_ transcription requires an intact lux operator.

Autoinducer-dependent repression of operon, transcription
(LuxR-negative autoregulation) requires DNA sequences in
operong. Early in the investigations of the mechanism of
control of the lux regulon, we made the decision to employ
vectors lacking a functional lux/ gene so that levels of
autoinducer could be controlled through our addition rather
than by the lux system. By using constructs with a truncated
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TABLE 2. Luciferase activity in vivo from E. coli LE392
(pPD749) carrying operon; reporter plasmids harboring
luxI or luxC nonsense mutations

Light units/ml“

Operony Relevant

reportgr V. fischeri — IPTG + IPTG + IPTG
plasmid  [ux genotype  _ autoinducer — autoinducer + autoinducer
pGS111  luxI" luxC* 9 4 1
pGS112  luxI* luxC 8 6.5 1.5
pGS113  luxI luxC* 8 8 2.5

“ Values given represent the peak light emitted from 1 ml of culture at an
ODgqo Of 1.2. Autoinducer and IPTG were added at an ODgq of 0.3 to final
concentrations of 2.5 uM and 1 mM, respectively, where indicated.

and therefore inactive luxl gene, we discovered that LuxR,
produced either from the tac promoter (pPD749) or from the
natural operon; promoter located on the reporter vector
itself, stimulated transcription of operon, _in an autoinducer-
dependent fashion (Fig. 2 and Table 1). This was contrary to
the results reported by other investigators who used a
reporter vector consisting of a luxR::Mudl(lac) transcrip-
tional fusion and an intact operong (6, 7). These investiga-
tors reported an autoinducer-dependent negative regulation
of LuxR production. The plasmid pGS111 was constructed
to determine if the lack of negative regulation in our system
was due to deletion of V. fischeri DNA in operong. This
plasmid contains V. fischeri DNA spanning all of luxR, the
control region, luxI, luxC, and a portion of luxD (Fig. 1).
This plasmid therefore contains intact luxR, luxI, and luxC
genes. The addition of IPTG to cultures of E. coli trans-
formed with pPD749 and pGS111 resulted in a decrease in
luminescence when compared with a control culture (Table
2). The addition of both IPTG and synthetic autoinducer to
an identical culture resulted in an even further reduction in
the level of luminescence (Table 2). The decrease in lumi-
nescence observed in the presence of IPTG alone was
presumably due to production in vivo of autoinducer by the
LuxI protein encoded by the intact luxI gene on the pGS111
plasmid. The results of the pGS111 experiment presented in
Table 2 were similar to the reports of LuxR-negative auto-
regulation by other investigators using the luxR::MudI(lac)
operon; reporter vector (6).

To distinguish whether the protein products of the luxI or
luxC genes or DNA sequences in operong were responsible
for the observed repression, nonsense codons were intro-
duced into luxl and luxC separately by site-directed muta-
genesis and cloned into the pGS111 reporter plasmid. Syn-
thesis of the LuxC polypeptide was interrupted by changing
the CAA (glutamine) codon at position 68 of luxC to a TAA
nonsense codon by site-directed mutagenesis to yield the
plasmid pGS112. Cultures of E. coli LE392 transformed with
pPD749 and pGS112 were indistinguishable from cultures
transformed with the wild-type plasmid (pGS111) (Table 2).
Addition of IPTG to a culture resulted in a decrease in
luminescence produced from pGS112, and addition of both
IPTG and autoinducer further decreased the amount of
luminescence produced (Table 2). These results showed that
the LuxC polypeptide was not required to observe the
repression of operon; transcription by LuxR and autoin-
ducer.

Production of the LuxI polypeptide was prevented by
changing the TAT (tyrosine) codon at position 26 to a TAA
nonsense codon by site-directed mutagenesis, yielding the
plasmid pGS113. This mutation was expected to eliminate
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production of autoinducer in vivo. Addition of IPTG to a
culture of E. coli transformed with pGS113 and pPD749 was
without effect. However, when both IPTG and synthetic
autoinducer were added to a culture, a decrease in lumines-
cence was observed (Table 2). These results demonstrated
that the production of autoinducer was not possible from the
pGS113 plasmid since addition of IPTG alone failed to elicit
a negative response. The fact that the negative effect was not
observed in the presence of IPTG alone, but required the
addition of both IPTG and autoinducer, demonstrated that
transcription of operon; was repressed by LuxR in an
autoinducer-dependent fashion. These results confirm the
report of autoinducer dependence of negative regulation of
operon,_transcription by Dunlap and Ray (7). These results
also demonstrated that the LuxI polypeptide was not re-
quired for repression of operon;  transcription.

The demonstration that neither the LuxI nor the LuxC
polypeptides were required for repression of operon; tran-
scription suggested that DNA sequences located in operong
were required in addition to LuxR and autoinducer. In the
absence of these sequences, LuxR and autoinducer stimu-
late transcription of operon; through interaction with the lux
operator (Table 1 and Fig. 2).

Low levels of autoinducer stimulate operon, transcription in
the presence of negative-acting operong sequences. The plas-
mid pGS113 constituted a good operon;_ reporter vector with
which to perform a titration experiment using synthetic
autoinducer, since production of autoinducer in vivo by
LuxI was eliminated through introduction of the nonsense
codon in luxI. Thus, the effect of a variety of autoinducer
concentrations on operon; transcription could be deter-
mined in the presence of the negative-acting operong se-
quences. IPTG and various concentrations of synthetic
autoinducer were added to cultures of E. coli LE392 trans-
formed with pGS113 and pPD749. Luminescence in vivo was
monitored and plotted as a function of ODg, (Fig. 3A). The
addition of IPTG and 250 nM autoinducer to a culture
resulted in a decrease in the amount of luminescence pro-
duced from pGS113 compared with a culture to which no
additions were made. Increasing the concentration of autoin-
ducer to 2.5 pM resulted in a further decrease in lumines-
cence in the presence of IPTG. However, when IPTG and a
low concentration of autoinducer (25 nM) were added to a
culture, the level of luminescence increased relative to the
control culture. In the presence of a high level of LuxR, low
autoinducer levels caused an increase in transcription from
operon;, while at higher concentrations of autoinducer,
repression of operon;_transcription was observed. To deter-
mine which of the autoinducer responses would be observed
with the negative-acting sequences present and with LuxR
protein produced from its native promoter, autoinducer was
added to cultures of E. coli containing pGS111. Addition of
1.0 uM autoinducer to a culture resulted in an increase in
luminescence compared with a culture to which no autoin-
ducer was added (Fig. 3B). This level of autoinducer caused
repression of luxR transcription when higher levels of LuxR
protein were produced from a separate plasmid (Fig. 3A).
This result demonstrated that inactivation of the luxI gene is
not required to observe stimulation of luxR transcription and
that positive autoregulation of [uxR transcription is a biolog-
ically relevant component of /uxR regulation even when the
negative-acting sequences are present.

The lux operator is required to observe the autoinducer-
dependent repression of operon, transcription by LuxR. The
lux operator located in the control region is required for the
autoinducer-dependent stimulation of both operong and op-
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FIG. 3. (A) Effect of concentration of autoinducer on expression of luminescence in E. coli LE392 transformed with pGS113 and pPD749.
IPTG was added to all cultures to a final concentration of 1 mM. The final concentration of autoinducer in each culture is indicated on the
figure. —Al, No autoinducer. All additions were made at an ODg, of 0.2. (B) Autoinducer response of E. coli TB1 transformed with pGS111.
Autoinducer was present at a concentration of 1,000 nM from the beginning of the experiment.

eron, transcription (4) (Table 1). To determine if it was
likewise required for the observed repression of operon;
transcription, the plasmids pGS122 and pGS129 were con-
structed. Both of these plasmids contain the negative-acting
operong sequences, and both have altered operators. The
central 12 bp had been removed from the operator in the
construction of pGS122, and position 3 of the operator had
been changed from C to T in the construction of pGS129.
Both operator mutations have been described (4). Both the
pGS122 and pGS129 reporter plasmids were transformed
separately into E. coli LE392 along with the plasmid
pPD749. The addition of both IPTG and autoinducer to
cultures of the above strains was without significant effect
(Table 3), demonstrating that the lux operator was required
for the autoinducer-dependent repression of operon, tran-
scription.

DISCUSSION

The results of this study have elucidated several new
regulatory features involved in the control of the lux regulon
from V. fischeri. At low levels of autoinducer, interaction of
the LuxR-autoinducer complex with the operator stimulated
transcription of operon;. However, at higher levels of
autoinducer, interaction of the LuxR-autoinducer complex

TABLE 3. Luciferase activity in vivo from E. coli LE392
(pPD749) carrying operon; reporter plasmids
harboring /ux operator mutations

Operon,. Light units/ml¢
reporter Operator mutation — IPTG + IPTG
plasmid — autoinducer  + autoinducer
pGS122  Deletion of central 12 bp 6 5.5
pGS129 Position3Cto T 3.5 4.5

“ Values given represent the peak light emitted from 1 ml of culture at an
ODgy of 1.5. Autoinducer and IPTG were added at an ODgg of 0.3 to final
concentrations of 0.5 puM and 1 mM, respectively, where indicated.

with the operator caused repression of operon; transcrip-
tion. Thus it was concluded that LuxR is capable of both
positive and negative transcriptional autoregulation. The
switch from stimulation to repression appeared to be medi-
ated both by the level of LuxR in the cell and by the amount
of autoinducer supplied to the system. The autoinducer-
dependent repression of operon;_ transcription required both
the lux operator located in the control region and DNA
sequences in operong residing upstream of the promoter for
operon, . In the absence of these negative-acting sequences,
interaction of the LuxR-autoinducer complex with the lux
operator stimulated operon; transcription regardless of the
amount of autoinducer added to the growth medium. These
results demonstrate the central role of the lux operator in
controlling the lux regulon since the stimulation of operong
transcription and both stimulation and repression of operon;
transcription are mediated by LuxR binding this sequence.
In addition, a unique regulatory response was discovered in
which the LuxR protein is capable of bidirectional stimula-
tion of transcription of the two oppositely oriented lux
operons through interaction with a single DNA binding site
(Fig. 4A).

There are several possible mechanisms for bidirectional
stimulation of transcription of the lux operons. Stimulation
of both operons occurs as a result of LuxR interacting with
the lux operator. LuxR bound to the operator may act as a
transcriptional activator in the strict sense in that it contacts
RNA polymerase directly and facilitates open complex for-
mation at the promoter. Another possibility is that LuxR
bound to the operator may relieve an overlapping LuxR-
independent repression mechanism. We have demonstrated
by deletion analysis that sequences present in the luxR
coding region repress transcription of both lux operons in a
manner not requiring LuxR (1, 21). Therefore, stimulation of
transcription by LuxR may involve two components, relief
of the observed repression and subsequent transcriptional
activation. Finally, LuxR-dependent stimulation of operon;_
transcription may involve CAP, whereby LuxR could act in
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FIG. 4. Proposed interactions involved in the LuxR-autoinducer-dependent regulation of V. fischeri lux transcription. Symbols: +,
stimulation; —, repression. Arrows indicate the directionality of the response (affecting either operon; [«-] or operong [—] transcription).
The relative magnitude of the response is described qualitatively by the size of the circle encompassing the plus or minus sign. The CAP
binding site is shown to emphasize its proximity to the lux operator. (A) Bidirectional stimulation of transcription resulting from the
interaction of LuxR with the lux operator in the presence of autoinducer. (B) Repression of operon; transcription resulting from the
interaction of LuxR with the lux operator in the presence of autoinducer and upstream operong sequences. Dashed lines indicate a
hypothetical interaction occurring between a negative element in operong and the lux operator which is required for operon,, repression.

some fashion to enhance the ability of CAP to activate
operon;  transcription.

Another question of fundamental importance that remains
unanswered concerns the mechanism by which the negative-
acting sequences in operong act to achieve repression of
operon, _ transcription. The requirement for both LuxR and
autoinducer for repression of operon; transcription was
reported previously (7), and our results confirm this conclu-
sion. However operon; repression was shown in this study
to require two other components, the lux operator and
negative-acting operong sequences. The fact that repression
of operon; transcription requires both the negative-acting
operong sequences and a functional operator suggests an
interaction between these two elements to establish repres-
sion (Fig. 4B). Most cases of repression at a distance
involving an operator sequence near the regulated promoter
have evoked a looping mechanism whereby regulatory pro-
teins bound at two distantly separated sites are able to
interact, forming a loop from the intervening DNA (for a
review, see reference 15). The protein molecules bound in
the looped conformation or bound at the primary operator
more efficiently as a result of loop formation are then capable
of negatively affecting either RNA polymerase or a function
of some other regulatory protein at the promoter. We have
not demonstrated the existence of a looping mechanism
which functions to achieve repression of operon; transcrip-
tion, but an interaction of this type between the lux operator
and an operong sequence mediated by LuxR is one possi-
bility. It is tempting to think of this type of interaction as
being modulated by binding of autoinducer which appears to
constitute a molecular switch from an operon; stimulatory
mechanism at low concentrations to an operon; repression

mechanism that operates at high concentrations of autoin-
ducer. It is interesting that all known chromosomal examples
of repression at a distance in procaryotes involve operons
which are regulated in some fashion by CAP (lac, ara, gal,
deo, and cdd) (15). The lux system is likewise regulated by
CAP at the level of operon, transcription and extends this
intriguing correlation.

The cause of the repressive effect at the operon; promoter
is unknown. The CAP binding site has been located in the lux
regulatory region by DNA sequence analysis and DNase I
footprinting (3, 21) and is positioned in close proximity to the
lux operator (Fig. 4). As a result of this positioning, an
interaction between LuxR, the lux operator, and the up-
stream operong sequences may adversely affect the ability of
cAMP-CAP to activate operon; transcription. Another pos-
sibility is that these interactions are directly affecting RNA
polymerase function at the promoter. Regardless of the
mechanism, in all reports of LuxR-negative autoregulation,
repression of operon,  transcription was observed only when
LuxR was overproduced with the luxR gene supplied in
trans to a low-copy-number reporter vector harboring an
intact operong (luxICDABE) (6, 7; this report). The require-
ment for such high levels of LuxR brings into question the
significance of this response when LuxR is being produced
from a single copy of the luxR gene on the chromosome of V.
fischeri. Even without overproduction, with LuxR being
produced from the luxR gene on a low-copy-number plasmid
under control of the natural operon; promoter, we observed
an autoinducer-dependent stimulation of operon, transcrip-
tion both in the presence and absence of the negative-acting
operong sequences. These observations suggest that stimu-
lation of operon,_transcription is the physiologically signif-
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icant response when LuxR is produced at lower levels from
a single-copy gene on the chromosome. It is possible that the
levels of LuxR required for negative autoregulation of oper-
on; transcription are achieved only at the very high cell
densities reached by cultures of V. fischeri in a fish light
organ. Thus, under these environmental conditions, the
negative regulation may be a significant factor. This point is
discussed further in the context of the autoinduction re-
sponse in the next section.

The mechanism of autoinduction, through which the
expression of bioluminescence in V. fischeri is regulated in a
cell-density-dependent fashion, involves a unique transcrip-
tional positive feedback circuit mediated by the LuxR pro-
tein and a diffusible small molecule called the autoinducer.
At relatively high cell densities, a rapid increase in lumines-
cence is observed which is attributed primarily to the posi-
tive feedback induction of operong transcription. This tran-
scriptional positive feedback circuit results from the
interaction between the LuxR protein and the lux operator
sequence located in the regulatory region and subsequent
activation of transcription by an autoinducer-dependent
mechanism (4). This mechanism, like any positive feedback
system, presents a regulatory problem since it potentially
lacks a maximal response. This problem is apparently solved
in the lux system through a compensatory negative regula-
tory circuit through which the LuxR protein limits its own
synthesis. By limiting the accumulation of LuxR protein, the
mediator of the positive response, this repression mecha-
nism could inhibit continued positive feedback. Such a
mechanism, however, does not constitute an off switch for
operong transcription, but rather could function to cap the
system at a defined level of transcriptional activity allowing
the maintenance of a constant rate of synthesis of the
enzymes required for luminescence. The maintenance of
high levels of luminescence at high cell densities is observed
behavior for V. fischeri located in the light organs of fish.

The ability of relatively low amounts LuxR to stimulate
transcription of its own gene would be a contributing factor
affecting both the initial rate and the timing of operong
induction. By increasing operong and operon; transcription
bidirectionally, the LuxR protein coordinately increases the
synthesis of both molecules required for positive feedback
activation of operong transcription. This would allow the /ux
system to respond more quickly to lower concentrations of
autoinducer than would be possible in the absence of stim-
ulation of transcription of luxR, allowing induction of lumi-
nescence at a lower cell density and under conditions of low
levels of cAMP.

ACKNOWLEDGMENTS

We are grateful to Ry Young for many helpful discussions on lux
regulation and for a critical reading of the manuscript. We also
acknowledge Jerry Devine and Rob Heckel for their assistance with
the “‘regulation’’ project and their many helpful suggestions. We
thank Pete Greenberg for supplying pPD749. Bob McGregor of the
Texas Agricultural Experiment Station Oligonucleotide Synthesis
Facility prepared the oligonucleotides used in this study.

This work was supported in part by grants from the National
Institutes of Health (Public Health Service grant GM42428) and the
Robert A. Welch Foundation (A865).

REFERENCES

1. Baldwin, T. O., J. H. Devine, R. C. Heckel, J.-W. Lin, and G. S.
Shadel. 1989. The complete nucleotide sequence of the lux

4.

5.

6.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

J. BACTERIOL.

regulon of Vibrio fischeri and the luxABN region of Photobac-
terium leiognathi and the mechanism of control of bacterial
bioluminescence. J. Biolumin. Chemilumin. 4:326-341.

. Devine, J. H., and T. O. Baldwin. Unpublished data.
. Devine, J. H., C. Countryman, and T. O. Baldwin. 1988.

Nucleotide sequence of the luxR and luxI genes and the struc-
ture of the primary regulatory region of the lux regulon of Vibrio
fischeri ATCC 7744. Biochemistry 27:837-842.

Devine, J. H., G. S. Shadel, and T. O. Baldwin. 1989. Identifi-
cation of the operator of the lux regulon from the Vibrio fischeri
strain ATCC 7744. Proc. Natl. Acad. Sci. USA 86:5688-5692.

Dunlap, P. V., and E. P. Greenberg. 1985. Control of Vibrio
fischeri luminescence gene expression in Escherichia coli by
cyclic AMP and cyclic AMP receptor protein. J. Bacteriol.
164:45-50.

Dunlap, P. V., and E. P. Greenberg. 1988. Control of Vibrio
fischeri lux gene transcription by a cyclic AMP receptor protein-
LuxR protein regulatory circuit. J. Bacteriol. 170:4040—4046.

. Dunlap, P. V., and J. M. Ray. 1989. Requirement for autoin-

ducer in transcriptional negative autoregulation of the Vibrio
fischeri luxR gene in Escherichia coli. J. Bacteriol. 171:3549-
3552.

. Eberhard, A. 1972. Inhibition and activation of bacterial lu-

ciferase synthesis. J. Bacteriol. 109:1101-1105.

. Eberhard, A., A. Burlingame, C. Eberhard, G. L. Kenyon, K. H.

Nealson, and N. J. Oppenheimer. 1981. Structural identification
of autoinducer of Photobacterium fischeri luciferase. Biochem-
istry. 20:2444-2449.

Engebrecht, J., K. Nealson, and M. Silverman. 1983. Bacterial
bioluminescence: isolation and genetic analysis of functions
from Vibrio fischeri. Cell 32:773-781.

Engebrecht, J., and M. Silverman. 1984. Identification of genes
and gene products necessary for bacterial bioluminescence.
Proc. Natl. Acad. Sci. USA 81:41544158.

Engebrecht, J., and M. Silverman. 1986. Regulation of expres-
sion of bacterial genes for bioluminescence, p. 31—44. In J. K.
Setlow and A. Hollaender (ed.), Genetic engineering, vol. 8.
Plenum Press, New York.

Engebrecht, J., and M. Silverman. 1987. Nucleotide sequence of
the regulatory locus controlling expression of bacterial genes for
bioluminescence. Nucleic Acids Res. 15:10455-10467.
Friedrich, W. F., and E. P. Greenberg. 1983. Glucose repression
of luminescence and luciferase in Vibrio fischeri. Arch. Micro-
biol. 134:87-91.

Gralla, J. 1989. Bacterial gene regulation from distant DNA
sites. Cell 57:193-195.

Kaplan, H. B., and E. P. Greenberg. 1985. Diffusion of autoin-
ducer is involved in regulation of the Vibrio fischeri lumines-
cence system. J. Bacteriol. 163:1210-1214.

Kunkel, T. A., J. D. Roberts, and R. A. Zakour. 1987. Rapid and
efficient site-specific mutagenesis without phenotypic selection.
Methods Enzymol. 154:1367-1382.

Meighen, E. A. 1988. Enzymes and genes from the /ux operons
of bioluminescent bacteria. Annu. Rev. Microbiol. 42:151-176.
Nealson, K. H., A. Eberhard, and J. W. Hastings. 1972. Catab-
olite repression of bacterial bioluminescence: functional impli-
cations. Proc. Natl. Acad. Sci. USA 69:1073-1076.

Nealson, K. H., T. Platt, and J. W. Hastings. 1970. Cellular
control of the synthesis and activity of the bacterial lumines-
cence system. J. Bacteriol. 104:313-322.

Shadel, G. S., J. H. Devine, and T. O. Baldwin. 1990. Control of
the lux regulon of Vibrio fischeri. J. Biolumin. Chemilumin.
5:99-106.

Shadel, G. S., R. Young, and T. O. Baldwin. 1990. Use of
regulated cell lysis in a lethal genetic selection in Escherichia
coli: identification of the autoinducer-binding region of the
LuxR protein from Vibrio fischeri ATCC 7744. J. Bacteriol.
172:3980-3987.



