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The Vibrio fischeri luminescence (lux) genes are activated at sufficiently high culture densities by the
transcriptional activator LuxR in combination with a diffusible signal compound termed autoinducer. We have
used antibodies directed against LuxR in immunoprecipitation experiments to study the subcellular location
of this transcription factor. The LuxR polypeptide was detected in membranes and not in the soluble pool of
cytoplasmic proteins from V. fischeri. LuxR was not released from the membranes by 0.6 M KCI or by the
nonionic detergents Nonidet P-40, N-octyl-B-p-glucopyranoside, and Triton X-100. LuxR and a number of other
V. fischeri proteins were released from the membranes by EDTA. The autoinducer had no detectable influence
on the subcellular location of LuxR. In spheroplasts, neither the abundance nor the molecular mass of the
LuxR antigen was influenced by treatment with proteinase K. Together with other information, these results
indicate that LuxR is an amphipathic protein that is associated with the cytoplasmic membrane of V. fischeri.

The Vibrio fischeri LuxR protein is the best-studied member
of a family of transcriptional activators required for a phenom-
enon termed autoinduction. Autoinduction controls transcrip-
tion of luminescence genes in V. fischeri and certain other
marine bacteria. More recently, autoinduction has been shown
to control genes coding for extracellular proteases in Pseudo-
monas aeruginosa (38), conjugal transfer genes in Agrobacte-
rium tumefaciens (41, 55), and antibiotic synthesis genes in
Erwinia carotovora (2). In each case the cells produce a
substance termed autoinducer. In V. fischeri the autoinducer is
N-(3-oxohexanoyl)homoserine lactone (14). Because cells are
freely permeable to this autoinducer it accumulates in the
medium during growth (27). When the autoinducer reaches a
sufficient concentration, it triggers synthesis of specific lumi-
nescence enzymes. Thus, autoinduction provides communica-
tion between V. fischeri cells, allowing them to sense their own
population density. At low cell densities, the autoinducer will
diffuse out of cells; at high cell densities, the autoinducer can
accumulate and reach a critical concentration (5 to 10 nM)
required for activation of luminescence gene transcription (13,
15, 36). V. fischeri can be isolated from seawater, and it also
occurs as the specific bacterial symbiont in the light organs of
certain marine fishes and squids (for recent reviews, see
references 11 and 43). At the high cell densities achieved in the
light organs (10'® to 10'"" cells per ml), autoinducer can
accumulate, and luminescence is induced. In seawater, where
V. fischeri exists at less than 107 cells per ml, autoinduction of
luminescence should not occur (42, 44, 45).

LuxR activity has not yet been demonstrated in vitro, nor has
the activity of any of the more recently discovered homologs of
LuxR. Nevertheless, molecular genetic analyses of LuxR func-
tion, most of which have been carried out using Escherichia
coli, have enabled the development of a general view of LuxR
structure and function. These studies were made possible by
the cloning of a 9-kb fragment of V. fischeri DNA that encodes
the functions necessary for autoinducible luminescence in E.
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coli (15). This V. fischeri DNA contains seven lux genes
organized as two divergent transcriptional units. One unit
contains /uxR, the gene coding for the LuxR protein. The other
unit, which is activated by the LuxR protein in the presence of
autoinducer, is the luxICDABE operon. The luxA and luxB
genes encode the o and B subunits of luciferase, respectively;
luxC, luxD, and luxE code for polypeptides involved in synthe-
sis of the aldehyde substrate for luciferase; and /ux/ is the only
V. fischeri gene required for synthesis of autoinducer by E. coli
(15, 16).

Based on a mutational analysis, it appears that a 20-bp
inverted repeat centered at position —40 from the lux/ tran-
scriptional start site is a LuxR-binding sequence, a lux box,
required for lux gene regulation (9). The LuxR polypeptide
contains 250 amino acid residues (8, 17, 28). The available
evidence indicates that LuxR is a two-domain polypeptide.
There is a C-terminal domain extending from around residue
160 to residue 250 (3). This domain is involved in DNA binding
and transcriptional activation of luxICDABE (3, 4). The pro-
posed N-terminal domain is believed to regulate the DNA
binding of the C-terminal domain (3). Apparently, in the
absence of autoinducer, the N-terminal domain (roughly the
N-terminal 162 amino acids) interacts with the C-terminal
domain to block DNA binding. Interaction of the LuxR
N-terminal domain with autoinducer allows binding of the
C-terminal domain to the lux box (3).

Although the subcellular location of LuxR has not been
determined experimentally, there are no hydrophobic, a-heli-
cal regions characteristic of membrane-spanning regions in the
predicted LuxR sequence that would indicate a membrane
association of this protein. A number of recent reports show
that several other transcriptional activators are membrane
proteins (6, 7, 22, 35, 47, 51, 52). Some of these activators
possess hydrophobic sequences typical of membrane-spanning
regions (7, 35, 52), but others do not possess such regions (22,
47, 51). The latter cases indicate that an analysis of the
predicted LuxR sequence is not sufficient to conclude that this
transcription factor is localized in the cytoplasmic compart-
ment; the cellular location of LuxR must be determined
experimentally. In this report we show that the LuxR protein in
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its native environment, V. fischeri cells, is associated with
membranes.

MATERIALS AND METHODS

Bacterial strains and plasmids. We used the luminous
parental strain V. fischeri MJ1 (44) and an MJ1 derivative,
M1J141, which contains a lacZ insertion in luxI (12) for protein
localization studies. E. coli JM109 containing pHK724, a
plasmid with uxR under control of the tac promoter (28), was
used to overexpress the LuxR protein in the form of insoluble
inclusion bodies.

Production of anti-LuxR antibodies. The procedure de-
scribed by Kaplan and Greenberg (28) was employed to obtain
LuxR protein for use as an antigen in the production of
anti-LuxR.

Anti-LuxR serum was produced by the Berkeley-Antibody
Company (Richmond, Calif.). As determined by a quantitative
enzyme-linked immunosorbent assay using purified LuxR as
the primary antigen, the antibody titer was 1:300,000. The
immunoglobulin G fraction was purified by protein A affinity
chromatography and stored at —25°C at a concentration of 4
mg of protein per ml in phosphate-buffered saline with 0.02%
sodium azide.

Conditions for culturing and labeling V. fischeri. V. fischeri
cultures were grown in the minimal medium described by
Friedrich and Greenberg (19) with glycerol (40 mM) as the
carbon and energy source. For one experiment, 200 nM
autoinducer synthesized by Kaplan et al. (26) was included in
the culture medium. One hundred-milliliter cultures contained
in 250-ml Erlenmeyer flasks were incubated at 26°C with
shaking. When the cultures reached the mid-logarithmic phase
of growth (an optical density at 660 nm of 0.1 to 0.2), 5- to
20-ml samples were removed and the cells were labeled for 5
min with 40 wCi of [**S]methionine per ml (specific activity,
>1,000 Ci/mmol; Amersham Corp., Arlington Heights, IIL).
Labeled cells were harvested by centrifugation at 3,500 X g for
5 min at 23 to 25°C and washed once in cold minimal medium
before subsequent use.

Cell fractionation. [**SJmethionine-labeled V. fischeri cells
or cells of E. coli containing pHK724 were resuspended in 10
mM Tris buffer (pH 7.4 at 5°C) containing 1 mM MgCl,, and
1 pg of DNAse I per ml (unless otherwise specified). The final
volume was 20% of the volume of the culture sample used for
labeling. Lysozyme (50 mg/ml in 0.1 M EDTA [pH 8]) was
added to a final concentration of 50 p.g/ml. After 30 min on ice,
the cells were broken by sonication. After removal of remain-
ing whole cells by low-speed microcentrifugation (2 min at
1,000 X g at 4°C), the membranes and soluble components
were separated by ultracentrifugation in a Beckman TLA 100.3
rotor at 100,000 X g for 45 min at 4°C.

Sucrose density gradient centrifugation of [**S]Jmethionine-
labeled V. fischeri membranes was done by the procedure of
Osborn et al. (37) with the following exceptions. EDTA was
omitted from all buffers, and to limit protease digestion, a
mixture of protease inhibitors was added throughout (1 mM
phenylmethylsulfonyl fluoride, 2 mM leupeptin, 1.5 mM pep-
statin A, and 1 pg of chymostatin per ml).

Spheroplast preparation. Spheroplasts of V. fischeri were
made by using a modification of a method described elsewhere
(33) for making spheroplasts of E. coli. Cells in a 20-ml volume
of culture were labeled with [**S]methionine as described
above and suspended in 2 ml of a sucrose-salt solution
containing 0.8 M sucrose, 0.3 M NaCl, 0.05 M MgSO,, 0.01 M
CaCl,, and 0.01 M KCI. The following solutions were then
added in order: 150 pl of 1 M Tris buffer (pH 8), 120 ul of a
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5-mg/ml solution of lysozyme, and 30 pl of a 5-mg/ml solution
of DNAse I. This mixture was incubated at approximately 25°C
for 30 min to hydrolyze the peptidoglycan and form sphero-
plasts. Spheroplast formation was assessed by examining the
osmotic sensitivity of the cells: when diluted 1:10 in deionized
water, enzyme-treated preparations lost turbidity within min-
utes, whereas suspensions of cells that had not been treated
with enzymes remained turbid for at least 30 min. When
diluted in the sucrose-salt solution both enzyme-treated and
untreated suspensions remained turbid for at least 30 min.

Immunoprecipitation procedure. Antibody precipitations
were done by the procedure of Ito et al. (25). Samples were
treated with 1% sodium dodecyl sulfate (SDS) in a boiling
water bath for 2 min and diluted in Triton buffer. Nonspecific
precipitates were removed by centrifugation, and the superna-
tant fluid was mixed with an antibody preparation (20 pl of
anti-LuxR immunoglobulin G prepared as described above or
20 pl of antiluciferase rabbit serum provided by Thomas
Baldwin). To this mixture, Staphylococcus protein A (Sigma
Chemical Company, St. Louis, Mo.) was added (500 p.g). After
incubation on ice for 20 min the antibody-protein A complexes
were pelleted by microcentrifugation for 2 min at 4°C. The
antibody-protein A complexes were washed twice in 50 mM
Tris buffer (pH 8.0) containing 1 M NaCl and 1% Triton X-100
and then once in 10 mM Tris buffer (pH 8.0). The washed
pellets were dissolved in SDS sample buffer by heating in a
boiling water bath for 5 min. After a 5-min microcentrifugation
the proteins in the SDS sample buffer were separated by
SDS-polyacrylamide gel electrophoresis, and the proteins la-
beled with [**S]methionine were visualized by fluorography as
described below.

NADH oxidase assays. NADH oxidase activity was mea-
sured by using a modification of the procedure described by
Osborn et al. (37). Reactions were started by the addition of
100 pl of cell extracts, soluble cell proteins, or membranes
(suspended in 50 mM Tris [pH 7.5 at 25°C]-200 mM NaCl-0.2
mM dithiothreitol) to 900 wl of assay buffer (Tris [pH 7.5 at
25°C], 200 mM NaCl, 0.2 mM dithiothreitol plus 0.12 mM
NADH). The rate of decrease in A5,, was used as a measure of
NADH oxidation.

Gel electrophoresis. Proteins were separated by SDS-poly-
acrylamide gel electrophoresis with a 12.5% resolving gel (31).
Gels were either stained with Coomassie blue or, for fluorog-
raphy, fixed in an aqueous solution of 30% methanol-10%
acetic acid, treated with Fluoro-hance according to the manu-
facturer’s instructions (Research Products International Corp.,
Mount Prospect, Ill.), and exposed to Kodak XAR-5 film at
—70°C. The molecular weight standards were from Bio-Rad
Laboratories, Hercules, Calif. (prestained SDS-PAGE stan-
dards, low range).

RESULTS

Using our previously described Western immunoblotting
procedure (49), we could not detect LuxR in V. fischeri. Based
on the sensitivity of this procedure with purified LuxR, it
appears that LuxR is present at less than 500 polypeptide
molecules per cell of V. fischeri MJ1 (30). To determine the
cellular location of LuxR, we have adapted the technique of
immunoprecipitation to detect this transcription factor in
subcellular fractions of V. fischeri MJ1. The LuxR polypeptide
was detected in cell extracts of V. fischeri. This protein was also
detected in membranes isolated from these extracts by ultra-
centrifugation; however, it was not detected in the pool of
soluble proteins remaining in the supernatant fluid after
ultracentrifugation (Fig. 1). As a control, identical cell frac-
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FIG. 1. Subcellular localization of LuxR and luciferase in V. fischeri
MIJ1. [**S]methionine-labeled cells were fractionated and immunopre-
cipitated. The immunoprecipitates were subjected to SDS-polyacryl-
amide gel electrophoresis, and the immunoprecipitated proteins were
visualized by autoradiography (see Materials and Methods for details).
Lane 1, control, no antibodies were used to form immunoprecipitates.
Lanes 2, 3, and 4, whole-cell extract, soluble proteins, and membrane-
associated proteins, respectively, immunoprecipitated with anti-LuxR.
Lanes 5, 6, and 7, whole-cell extract, soluble proteins, and membrane-
associated proteins, respectively, immunoprecipitated with antiluci-
ferase serum. Locations of protein molecular size standards are
indicated on the left in kilodaltons. The arrow pointing to the left
indicates the location of the 28-kDa LuxR polypeptide, and the arrows
pointing to the right indicate the locations of the 40- and 37-kDa « and
B subunits of luciferase.

tions were immunoprecipitated with antiluciferase serum
rather than anti-LuxR. Luciferase is a cytoplasmic, het-
erodimeric protein consisting of an « and a 8 subunit (18, 21).
Both subunits were found in cell extracts and in the soluble
fraction but were not found in the membrane fraction (Fig. 1).
Also, NADH oxidase activity was monitored. NADH oxidase is
a cytoplasmic membrane protein in other bacteria (37). In V.
fischeri, NADH oxidase was detected in the membrane pellet
(specific activity, 383 nmol of NADH oxidized per min per mg
of protein), but it was not found in the soluble protein fraction.
These controls confirm that soluble and membrane proteins of
V. fischeri were separated by ultracentrifugation. Thus, they
support the conclusion that LuxR is associated with V. fischeri
membranes and is not a cytoplasmic polypeptide.

We attempted to separate the cytoplasmic membrane and
the outer membrane of V. fischeri by sucrose density gradient
centrifugation, but this proved unsuccessful. Centrifugation to
equilibrium resulted in the appearance of a single, broad
membrane band with a buoyant density of approximately 1.16
to 1.2 g/cm®. We presume that this was a mixture of both
cytoplasmic and outer membranes. Our inability to separate
cytoplasmic membranes from outer membranes was not wholly
unexpected. This is because it has been shown previously that
outer membranes of marine vibrios do not have typical lipo-
polysaccharides (24, 53), and lipopolysaccharide contributes to
the unique buoyant density of outer membranes from other
bacteria (37). Nevertheless, it is important that, as detected by
immunoprecipitation, LuxR was primarily in the membrane
band resulting from sucrose density gradient centrifugation.
Although this does not provide insight concerning which of the
two types of membranes contains LuxR, it supports the
conclusion that LuxR is a membrane-associated protein; LuxR
does not appear to be in a particle that pellets together with
membranes upon ultracentrifugation. Rather it bands in su-
crose density gradient centrifugation at a buoyant density
indicative of an association with lipid-containing membranes.

Because it has been shown that LuxR has a tendency to form
aggregates in E. coli (28), we remained concerned that the
majority of LuxR even in V. fischeri was in the form of
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FIG. 2. Effects of Nonidet P-40 treatment and EDTA treatment on
total membrane-proteins and LuxR from V. fischeri MJ1. (A) Autora-
diogram of total membrane proteins separated by SDS-polyacrylamide
gel electrophoresis. Locations of protein molecular size standards are
indicated on the left in kilodaltons. (B) Autoradiogram of LuxR
polypeptide recovered by immunoprecipitation. Lanes: 1, membrane
polypeptides solubilized by Nonidet P-40; 2, polypeptides remaining
with the total membrane fraction after treatment with Nonidet P-40; 3,
membrane polypeptides solubilized by EDTA; 4, polypeptides remain-
ing with the total membrane fraction after EDTA treatment. R
indicates the location of the LuxR polypeptide.

submicroscopic aggregates. It seemed unlikely that such aggre-
gates would be found in the membrane band resulting from
centrifugation in a sucrose density gradient; however, we
sought additional evidence that LuxR was a membrane protein
and not an aggregated cytoplasmic protein. To this end,
[>*S]methionine-labeled membranes isolated by ultracentrifu-
gation were treated with agents we suspected might solubilize
membrane-associated proteins but not solubilize protein ag-
gregates. Two treatments were of particular interest, EDTA
treatment (1 mM EDTA for 1 h at 4°C) and treatment with
nonionic detergents such as Nonidet P-40 (2% for 1 h at 4°C).
EDTA treatment resulted in the solubilization of a subset of V.
fischeri membrane proteins (Fig. 2A). We found that Nonidet
P-40 treatment resulted in the solubilization of a different set
of V. fischeri membrane proteins (Fig. 2A). Other nonionic
detergents (Triton X-100 and N-octyl-B-p-glucopyranoside,
both at 2% for 1 h at 4°C) had lesser effects on membrane-
associated proteins and did not solubilize LuxR. The ionic
detergent sodium deoxycholate (2% for 1 h at 4°C) solubilized
all proteins in the membrane preparations, including LuxR.

Does either the EDTA treatment or the Nonidet P-40
treatment solubilize membrane-associated LuxR? To address
this question, proteins remaining in the membrane pellet and
proteins solubilized by EDTA treatment and Nonidet P-40
treatment were subjected to immunoprecipitation with anti-
LuxR. Whereas the majority of LuxR was solubilized by
treatment with EDTA, this polypeptide was not solubilized by
Nonidet P-40 (Fig. 2B).

To determine whether EDTA or Nonidet P-40 solubilized
aggregates of LuxR, the following experiment was performed.
LuxR was overexpressed as insoluble inclusion bodies in E. coli
containing pHK724 (28; see Materials and Methods). The cells
were then broken and fractionated by ultracentrifugation. This
procedure should yield a pellet of E. coli membranes and LuxR
inclusion bodies. In fact, LuxR was found together with a
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FIG. 3. Effects of Nonidet P-40 treatment and EDTA treatment on
LuxR inclusion bodies from E. coli containing pHK724. SDS-poly-
acrylamide gel stained with Coomassie blue. Lanes: 1, whole cells; 2,
soluble polypeptides after ultracentrifugation (100,000 X g for 45 min
at 4°C); 3, polypeptides in the pellet resulting from ultracentrifugation;
4 to 7, pellets treated with 2% Nonidet P-40 (1 h at 4°C) or 1 mM
EDTA (1 h at 4°C) followed by ultracentrifugation. Lanes 4 and 5,
polypeptides in the soluble supernatant fluid and in the pellet,
respectively, after Nonidet P-40 treatment; lanes 6 and 7, polypeptides
in the soluble supernatant fluid and in the pellet, respectively, after
EDTA treatment. Locations of protein molecular size standards are
indicated on the left in kilodaltons. R indicates the location of the
LuxR polypeptide.

number of other proteins in the pellet (Fig. 3). Neither EDTA
treatment nor detergent treatment resulted in detectable sol-
ubilization of the LuxR inclusion bodies (Fig. 3). In this form
at least, aggregates of LuxR are not solubilized by EDTA.
The finding that LuxR remains in association with V. fischeri
membranes in the presence of the nonionic detergents suggests
that this luminescence gene activator is tightly bound to the
membranes. Furthermore, the presence of a high concentra-
tion of potassium chloride during collection and processing of
membranes did not affect the localization of LuxR (Fig. 4).
This indicates that the association of LuxR with membranes is
not due to electrostatic interactions. On the other hand
solubilization of LuxR by EDTA (Fig. 2) suggests that the
LuxR-membrane association might involve a protein-protein
interaction or be dependent on a metal. An alternative expla-
nation is that chelation of metals or cations by EDTA resulted
in the enzymatic degradation of the lipid bilayer. We favor this
second explanation because a number of V. fischeri polypep-
tides were released from the membranes by EDTA treatment

FIG. 4. Subcellular location of LuxR in the presence of high salt.
Lane 1, control, whole-cell extract, no antibodies were used prior to
addition of protein A. Lane 2, whole-cell extract immunoprecipitated
with anti-LuxR. Lanes 3 and 4, soluble proteins and membrane-
associated proteins, respectively, precipitated with anti-LuxR, no
added salt. Lanes 5 and 6, membranes were collected and processed in
the presence of 0.6 M KCl, and soluble proteins (lane 5) and
membrane-associated proteins (lane 6) were immunoprecipitated with
anti-LuxR. R indicates the location of the LuxR polypeptide.
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FIG. 5. Subcellular location of LuxR in V. fischeri MJ141 grown in
the presence or absence of 200 nM autoinducer. Lanes: 1, whole cells
grown without autoinducer, anti-LuxR omitted from reaction mix-
tures; 2, whole cells; 3 and 4, soluble protein fraction and membranes,
respectively, from cultures grown without autoinducer, immunopre-
cipitation with anti-LuxR; 5, whole cells; 6 and 7, soluble protein
fraction and membranes, respectively, from cultures grown in the
presence of 200 nM autoinducer, immunoprecipitation with anti-
LuxR. The R indicates the location of the LuxR polypeptide.

(Fig. 2A), whereas no polypeptides were released from E. coli
membranes (Fig. 3).

We also wanted to determine whether autoinducer influ-
enced the subcellular location of LuxR. Absolute levels of
autoinducer in cultures of V. fischeri MJ1 cannot be controlled
precisely because this strain produces an autoinducer. Thus,
we used strain MJ141, a LuxI™ mutant derived from strain MJ1
by insertion mutagenesis (12). Because MJ141 is incapable of
producing autoinducer, the level of autoinducer in cultures of
M1J141 is determined by the amount of this compound added
exogenously. LuxR was associated with the membranes of V.
fischeri MJ141 grown in the presence or the absence of 200 nM
autoinducer (Fig. 5). This concentration of autoinducer is
sufficient for maximal induction of luminescence in V. fischeri
(27). Apparently, autoinducer, which is somewhat lipophilic,
was not required for the association of LuxR with membranes,
nor did it release LuxR from membranes.

To gain further insight regarding the topology of LuxR in V.
fischeri membranes, we treated spheroplasts with proteinase K
(100 pg/ml). The effect of proteinase K treatment was assessed
by immunoprecipitation with anti-LuxR. This approach has
been used to demonstrate that specific cytoplasmic membrane
proteins of other bacteria possess periplasmic loops (1, 29, 54).
If there are periplasmic loops exposed to and digested by
proteinase K in spheroplasts, then there should be a loss of
full-length antigen with the concominant appearance of lower-
molecular-weight antigenic fragments of the protein. Proteinase
K treatment of V. fischeri spheroplasts did not alter the LuxR
polypeptide detected by immunoprecipitation (Fig. 6). This
suggests that membrane-bound LuxR does not possess periplas-
mic loops exposed to proteinase K in spheroplasts. Because
there is a very limited knowledge of membrane proteins in V.
fischeri and a lack of specific antibodies to likely membrane-
spanning polypeptides in this organism, these results must be
interpreted with caution, and we have not studied the topology
of LuxR in V. fischeri membranes further.

DISCUSSION

On the basis of the evidence presented here, we conclude
that LuxR, the activator of luminescence gene transcription, is
a membrane-associated protein in V. fischeri (Fig. 1 and 2).
Because LuxR remains in association with membranes in the
presence of a number of detergents, in the presence of 0.6 M
KCl, and in the presence of autoinducer (Fig. 2, 4, and 5), it
seems unlikely that LuxR is loosely associated with the mem-
brane through a protein-protein interaction as is, for example,
PutA, a transcription factor in Salmonella typhimurium which
dissociates with the membrane in response to ligand binding
(32).

We were not successful in attempts to separate the cytoplas-
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FIG. 6. Immunoprecipitation analysis of LuxR in V. fischeri sphero-
plasts treated with proteinase K. Lanes: 1, whole-cell extract, anti-
LuxR omitted from the reaction mixture; 2, whole-cell extract immu-
noprecipitated with anti-LuxR; 3 and 4, untreated and proteinase
K-treated spheroplasts, respectively, immunoprecipitated with anti-
LuxR. The arrow indicates the location of LuxR (R), and the locations
of protein molecular size standards are indicated on the left in
kilodaltons. The film was overexposed in an effort to detect potential
low-molecular-weight fragments of LuxR.

mic membranes and outer membranes of V. fischeri from each
other by sucrose density gradient centrifugation. Nevertheless,
we propose that LuxR is associated specifically with the
cytoplasmic membrane. Only then is a membrane-associated
LuxR consistent with the function of this protein as a tran-
scription factor that binds /ux boxes in the DNA of V. fischeri
(9, 15, 16, 48, 49). A further point supporting the proposal that
LuxR is associated with the cytoplasmic membrane comes
from studies of uxR deletion mutations in E. coli. When
expressed in E. coli, the majority of LuxR forms cytoplasmic
inclusion bodies (28), and we have not even attempted to
determine the subcellular location of the active fraction of
LuxR in E. coli. However, a LuxR protein deleted for residues
2 to 162 is a soluble, cytoplasmic protein (50) which retains
function as a transcriptional activator of luminescence genes.
The deletion protein, unlike the full-length protein, is not
dependent on autoinducer (3). This leads to the suggestion that
the N-terminal regulatory domain of LuxR is associated with
the cytoplasmic membrane and the C-terminal, DNA-binding
or transcription activator domain, which by itself is a cytoplas-
mic protein in E. coli, extends into the cytoplasm of the cell.

Several hydrophobic regions, all in the N-terminal regula-
tory module, can be distinguished in analyses of the primary
sequence of LuxR (for example, see references 5 and 8).
However, none of these sequences have the characteristics of a
typical transmembrane a-helix. This, together with the fact
that in spheroplasts LuxR is resistant to protease treatment
(Fig. 6), indicates a lack of periplasmic loops in membrane-
bound LuxR. Rather, we suggest that LuxR is an amphipathic
protein that is inserted in the inner leaflet of the cytoplasmic
membrane. The transcriptional activator NodD in Rhizobium
leguminosarum has been proposed by Schlaman et al. (47) to
be an amphipathic protein, inserted in the inner leaflet of the
cytoplasmic membrane. Like LuxR, NodD does not possess
any predicted transmembrane a-helical regions.

Recently, a number of other bacteria have been shown to
possess transcriptional activators which are homologs of LuxR
(20, 23, 40). For transcriptional activation, these homologs of
LuxR require a diffusible signal molecule homologous in
structure to the V. fischeri autoinducer (2, 39, 55). For example,
the TraR protein of A. tumefaciens activates transcription of
conjugal transfer genes in the presence of the autoinducer
N-(3-oxooctanoyl)homoserine lactone (41, 55), whereas LuxR
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activates V. fischeri luminescence genes in conjunction with
N-(3-oxohexanoyl)homoserine lactone. For other bacteria in
which a LuxR homolog and an autoinducer homolog are
involved in cell-density-dependent gene expression, it is of
interest to determine whether the LuxR homolog is associated
with the cytoplasmic membrane.

Finally, this report, indicating that LuxR is associated with
membranes of V. fischeri, adds another transcriptional activa-
tor to a growing list of membrane-associated transcription
factors in prokaryotes (6, 7, 22, 32, 35, 47, 51, 52). These
membrane-associated transcription factors do not form a
group based on amino acid sequence alignments. However, it
should be pointed out that many of these transcription factors
respond to environmental signals related to an association with
an animal or plant host. For example, LuxR is responsive to
cell density as mediated by autoinducer, and this allows
expression of luminescence in a specific light organ symbiosis;
NodD in R. leguminosarum activates genes involved in root
nodule formation in response to its interaction with flavonoid
compounds produced by the plant host (for a recent review see
reference 46); and ToxR in Vibrio cholerae is a transmembrane
protein that activates the gene encoding cholera toxin in
response to an environmental signal (10, 34).

ACKNOWLEDGMENTS

We thank Paul Dunlap for providing V. fischeri MJ141, Thomas
Baldwin for providing antiserum to V. fischeri luciferase, and Colin
Manoil for helpful discussions and information concerning immuno-
precipitation procedures. Autoinducer was synthesized by Kaplan et al.
(26).

This research was supported by the Office of Naval Research
(N00014-80-0570).

REFERENCES

1. Baichwal, V., D. Liu, and G. Ferro-Luzzi Ames. 1993. The ATP-
binding component of prokaryotic traffic ATPase is exposed to the
periplasmic (external) surface. Proc. Natl. Acad. Sci. USA 90:620—
624.

2. Bainton, N. J., B. W. Bycroft, S. R. Chhabra, P. Stead, L. Gledhill,
P. J. Hill, C. E. D. Rees, M. K. Winson, G. P. C. Salmond,
G. S. A. B. Stewart, and P. Williams. 1992. A general role for the
lux autoinducer in bacterial cell signalling: control of antibiotic
biosynthesis in Erwinia. Gene 116:87-91.

3. Choi, S. H., and E. P. Greenberg. 1991. The C-terminal region of
the Vibrio fischeri LuxR protein contains an inducer-independent
lux gene activating domain. Proc. Natl. Acad. Sci. USA 88:11115-
11119.

4. Choi, S. H., and E. P. Greenberg. 1992. Genetic dissection of DNA
binding and luminescence gene activation by the Vibrio fischeri
LuxR protein. J. Bacteriol. 174:4064—4069.

5. Choi, S. H., and E. P. Greenberg. 1992. Genetic evidence for
multimerization of LuxR, the transcriptional activator of Vibrio
fischeri luminescence. Mol. Mar. Biol. Biotechnol. 1:408-413.

6. Chu, S., and T. J. Trust. 1992. An Aeromonas salmonicida gene
which influences A-protein expression in Escherichia coli encodes
a protein containing an ATP-binding cassette and maps beside the
surface array protein gene. J. Bacteriol. 175:3105-3114.

7. Cuypers, H., A. Viebrock-Sambale, and W. G. Zumft. 1992. NosR,
a membrane-bound regulatory component necessary for expres-
sion of nitrous oxide reductase in denitrifying Pseudomonas
stutzeri. J. Bacteriol. 174:5332-5339.

8. Devine, J. H., C. Countryman, and T. O. Baldwin. 1988. Nucle-
otide sequence of the /uxR and luxI genes and the structure of the
primary regulatory region of the lux regulon of Vibrio fischeri
ATCC7744. Biochemistry 27:837-842.

9. Devine, J. H., G. S. Shadel, and T. O. Baldwin. 1989. Identification
of the operator of the lux regulon from Vibrio fischeri strain
ATCC7744. Proc. Natl. Acad. Sci. USA 86:5688-5692.

10. DiRita, V. J. 1992. Coordinate expression of virulence genes by
ToxR in Vibrio cholerae. Mol. Microbiol. 6:451-458.



7312

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

26.

27.

28.

29.

30.
31

32.

33.

KOLIBACHUK AND GREENBERG

Dunlap, P. V., and E. P. Greenberg. 1991. The role of intracellular
chemical communication in the Vibrio fischeri-monocentrid fish
symbiosis, p. 219-253. In M. Dworkin (ed.), Microbial cell-cell
interactions. American Society for Microbiology, Washington, D.C.
Dunlap, P. V., and A. Kuo. 1992. Cell density-dependent modula-
tion of the Vibrio fischeri luminescence system in the absence of
autoinducer and LuxR protein. J. Bacteriol. 174:2440-2448.
Eberhard, A. 1972. Inhibition and activation of bacterial luciferase
synthesis. J. Bacteriol. 109:1101-1105.

Eberhard, A, A. L. Burlingame, C. Eberhard, G. L. Kenyon, K. H.
Nealson, and N. J. Oppenheimer. 1981. Structural identification of
autoinducer of Photobacterium fischeri luciferase. Biochemistry
20:2444-2449.

Engebrecht, J., K. H. 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 luminescence. Proc.
Natl. Acad. Sci. USA 81:4154-4158.

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.

Friedland, J., and J. W. Hastings. 1967. Nonidentical subunits of
bacterial luciferase: their isolation and recombination to form
active enzyme. Proc. Natl. Acad. Sci. USA 58:2336-2342.
Friedrich, W. F., and E. P. Greenberg. 1983. Glucose repression of
luminescence and luciferase in Vibrio fischeri. Arch. Microbiol.
134:87-91.

Gambello, M. J., and B. H. Iglewski. 1991. Cloning and character-
ization of the Pseudomonas aeruginosa lasR gene, a transcriptional
activator of elastase expression. J. Bacteriol. 173:3000-3009.
Gunsalus-Mignel, A., E. A. Meighen, M. Nicoli, K. H. Nealson,
and J. W. Hastings. 1972. Purification and properties of bacterial
luciferases. J. Biol. Chem. 247:398-404.

Hamood, A. N., and B. H. Iglewski. 1990. Expression of the
Pseudomonas aeruginosa toxA positive regulatory gene (reg4) in
Escherichia coli. J. Bacteriol. 172:589-594.

Henikoff, S., J. C. Wallace, and J. P. Brown. 1990. Finding protein
similarites with nucleotide sequence databases. Methods Enzymol.
183:111-132.

Hisatsune, K., S. Kondo, T. Iguchi, M. Machida, S. Asou, M.
Inaguma, and F. Yamamoto. 1982. Sugar composition of lipopoly-
saccharides of family Vibrionaceae. Microbiol. Immunol. 26:649-
664.

. Ito, K., P. J. Bassford, Jr., and J. Beckwith. 1981. Protein

localization in Escherichia coli: is there a common step in the
secretion of periplasmic and outer-membrane proteins? Cell 24:
707-7117.

Kaplan, H., A. Eberhard, C. Widrig, and E. P. Greenberg. 1984.
Synthesis of 3-oxo-(4,5 tritium)-hexanoyl homoserine lactone:
biologically active tritium-labeled Vibrio fischeri autoinducer. J.
Labelled Compd. Radiopharm. 22:387-395.

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

Kaplan, H. B., and E. P. Greenberg. 1987. Overproduction and
purification of the luxR gene product: the transcriptional activator
of the Vibrio fischeri luminescence system. Proc. Natl. Acad. Sci.
USA 84:6639-6643.

Kerppola, R. E., and G. Ferro-Luzzi Ames. 1992. Topology of the
hydrophobic membrane-bound components of the histidine
periplasmic permease. J. Biol. Chem. 267:2329-2336.
Kolibachuk, D. J., and E. P. Greenberg. Unpublished data.
Laemmli, U. K. 1970. Cleavage of structural proteins during the
assembly of the head of bacteriophage T4. Nature (London)
227:680-685.

Malloy, S. R. 1987. The proline utilization operon, p. 1513-1519.
In F. C. Neidhardt, J. L. Ingraham, K. B. Low, B. Magasanik, M.
Schaechter, and H. E. Umbarger (ed.), Escherichia coli and
Salmonella typhimurium: cellular and molecular biology. Ameri-
can Society for Microbiology. Washington, D.C.

Martinac, B., M. Buechner, A. H. Delcour, J. Adler, and C. Kung.
1987. Pressure-sensitive ion channel in Escherichia coli. Proc. Natl.

34.
35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.
49.

50.
51.

52.

53.

54.

55.

J. BACTERIOL.

Acad. Sci. USA 84:2297-2301.

Mekalanos, J. J. 1992. Environmental signals controlling expres-
sion of virulence determinants in bacteria. J. Bacteriol. 174:1-7.
Miller, V. L., R. K. Taylor, and J. J. Mekalanos. 1987. Cholera
toxin transcriptional activator ToxR is a transmembrane DNA
binding protein. Cell 48:271-279.

Nealson, K., T. Platt, and J. W. Hastings. 1970. The cellular
control of the synthesis and activity of the bacterial luminescent
system. J. Bacteriol. 104:313-322.

Osborn, M. J., J. E. Gander, E. Parisi, and J. Carson. 1972.
Mechanism of assembly of the outer membrane of Salmonella
typhimurium. J. Biol. Chem. 247:3962-3972.

Passador, L., J. M. Cool, M. J. Gambello, L. Rust, and B. H.
Iglewski. 1993. Cell to cell communication in Pseudomonas aerugi-
nosa is involved in expression of virulence genes. Science 260:
1127-1130.

Pearson, J. P.,, K. M. Gray, L. Passador, K. D. Tucker, A.
Eberhard, B. H. Iglewski, and E. P. Greenberg. Structure of the
autoinducer required for expression of Pseudomonas aeruginosa
virulence genes. Proc. Natl. Acad. Sci. USA, in press.

Piper, K. R, S. B. von Bodman, and S. K. Farrand. 1992. Positive
regulation of conjugal transfer of Ti plasmid pTiC58 in Agrobacte-
rium tumefaciens, p. 194, H-69. Abstr. 92nd Gen. Meet. Am. Soc.
Microbiol. 1992. American Society for Microbiology, Washington,
D.C.

Piper, K. R,, S. B. von Bodman, and S. K. Farrand. 1993.
Conjugation factor of Agrobacterium tumefaciens regulates Ti
plasmid transfer by autoinduction. Nature (London) 362:448-450.
Ruby, E. G., E. P. Greenberg, and J. W. Hastings. 1980. Planktonic
marine luminous bacteria: species distribution in the water col-
umn. Appl. Environ. Microbiol. 39:302-306.

Ruby, E. G., and M. J. McFall-Ngai. 1992. A squid that glows in
the night: development of an animal bacterial mutualism. J.
Bacteriol. 174:4865-4870.

Ruby, E. G., and K. H. Nealson. 1976. Symbiotic association of
Photobacterium fischeri with the marine luminous fish Monocentris
Japonica: a model of symbiosis based on bacterial studies. Biol.
Bull. 151:574-586.

Ruby, E. G., and K. H. Nealson. 1978. Seasonal changes in the
species composition of luminous bacteria in nearshore seawater.
Limnol. Oceanogr. 23:530-533.

Schlaman, H. R. M, R. J. H. Okker, and B. J. J. Lugtenberg. 1992.
Regulation of nodulation gene expression by NodD in rhizobia. J.
Bacteriol. 174:5177-5182.

Schlaman, H. R. M., H. P. Spaink, R. J. H. Okker, and B. J.
Lugtenberg. 1989. Subcellular localization of the nodD gene
product in Rhizobium leguminosarum. J. Bacteriol. 171:4686—4693.
Shadel, G. S., and T. O. Baldwin. 1992. Positive autoregulation of
the Vibrio fischeri luxR gene. J. Biol. Chem. 276:7696-7702.
Slock, J., D. VanRiet, D. Kolibachuk, and E. P. Greenberg. 1990.
Critical regions of the Vibrio fischeri LuxR protein defined by
mutational analysis. J. Bacteriol. 172:3974-3979.

Stevens, A. M., K. M. Dolan, and E. P. Greenberg. Unpublished
data.

VanHove, B., H. Staudenmaier, and V. Braun. 1990. Novel two-
component transmembrane transcription control: regulation of
iron dicitrate transport in Escherichia coli K-12. J. Bacteriol.
172:6749-6758.

Watson, N., D. S. Dunyak, E. L. Rosey, J. L. Slonczewski, and E. R.
Olson. 1992. Identification of elements involved in transcriptional
regulation of the Escherichia coli cad operon by external pH. J.
Bacteriol. 174:530-540.

Wilkinson, S. G. 1977. Composition and structure of bacterial
lipopolysaccharide, p. 97-175. In 1. W. Sutherland (ed.), Surface
carbohydrates of the prokaryotic cell. Academic Press, Inc., New
York.

Winans, S. C., R. A. Kerstetter, J. E. Ward, and E. W. Nestor.
1989. A protein required for the transcriptional regulation of
Agrobacterium virulence genes spans the cytoplasmic membrane.
J. Bacteriol. 171:1616-1622.

Zhang, L., P. J. Murphy, A. Kerr, and M. E. Tate. 1993. Agrobac-
terium conjugation and gene regulation by N-acyl-L-homoserine
lactones. Nature (London) 362:446-448.



