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cluster are required for symbiosis, and disruption of these
genes results in a severe colonization defect (51). Recently, an
increased-activity allele of rscS (rscS1) was identified that
greatly increased the transcription of the syp cluster in culture
(50). This allele encodes a wild-type protein but has mutations
in the transcript that increase protein levels (15a, 50). When
present on a multicopy plasmid, rscS1 induces various biofilm
phenotypes in culture. These phenotypes include wrinkled colony morphology, adherence to glass surfaces, and pellicle formation. Furthermore, rscS1 dramatically increases the size of
the bacterial aggregates on the light organ and confers a dramatic advantage in competitive colonization assays (50).
rscS encodes a large (927-amino-acid) protein predicted to
contain multiple domains involved in signal detection and
relay. The most conserved domains are a histidine kinase/
ATPase (HATPase) domain, a response regulator-like receiver (Rec) domain, and a histidine phosphotransferase (Hpt)
domain (Fig. 1), suggesting that after autophosphorylation, the
phosphoryl group is relayed within RscS before transfer to a
cognate response regulator. One possible role of the phosphorelay of hybrid sensor kinases is to allow multiple regulatory inputs, similar to what occurs in the multiprotein phosphorylation cascade regulating sporulation in Bacillus subtilis.
In this phosphorelay, multiple sensor kinases and phosphatases
regulate the flow of phosphate and thus signal transduction
(35). A second possible role for hybrid sensor kinases may be
to act as “rheostats” that modulate the level of the response to
the level of the input signal, as has been proposed for the
Bordetella hybrid sensor kinase BvgS (8). It is not yet known
whether these conserved sequences in RscS are necessary for
its activity.
Commonly, the sensor region of a sensor kinase is located in

Bacteria commonly employ two-component regulatory systems to sense and respond to changes in their environment
(42). These bacterial sensory systems are important during
establishment of a symbiotic or pathogenic association; the
bacteria detect the presence of a host organism and respond
to the various environments encountered during migration
through the host to the site of colonization (49). In the marine
bioluminescent bacterium Vibrio fischeri, the sensor kinase
component of a two-component regulatory pathway, RscS, is
required for the bacterium to form a symbiotic association with
its host organism, the Hawaiian bobtail squid (Euprymna scolopes) (47). In this symbiosis, colonization is initiated shortly
after the juvenile squid hatch; V. fischeri cells form biofilmlike
aggregates on the surface of the light organ in mucus secreted
by the squid before migrating into the light organ crypts, multiplying to high cell density, and inducing bioluminescence (for
reviews, see references 32, 40, 46). Strains in which rscS has
been disrupted have a greatly decreased ability to colonize the
squid (47) and do not aggregate in the mucus secreted by the
squid (50).
RscS has been shown to regulate transcription of the syp
(symbiosis polysaccharide) gene cluster (50). The syp cluster is
a group of 18 genes that encode proteins important for production of a surface polysaccharide. Most of the genes in this
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Overexpression of the Vibrio fischeri sensor kinase RscS induces expression of the syp (symbiosis polysaccharide) gene cluster and promotes biofilm phenotypes such as wrinkled colony morphology, pellicle formation,
and surface adherence. RscS is predicted to be a hybrid sensor kinase with a histidine kinase/ATPase
(HATPase) domain, a receiver (Rec) domain, and a histidine phosphotransferase (Hpt) domain. Bioinformatic
analysis also revealed the following three potential signal detection domains within RscS: two transmembrane
helices forming a transmembrane region (TMR), a large periplasmic (PP) domain, and a cytoplasmic PAS
domain. In this work, we genetically dissected the contributions of these domains to RscS function. Substitutions within the carboxy-terminal domain supported identification of RscS as a hybrid sensor kinase; disruption of both the HATPase and Rec domains eliminated induction of syp transcription, wrinkled colony
morphology, pellicle formation, and surface adherence, while disruption of Hpt resulted in decreased activity.
The PAS domain was also critical for RscS activity; substitutions in PAS resulted in a loss of activity.
Generation of a cytoplasmic, N-terminal deletion derivative of RscS resulted in a partial loss of activity,
suggesting a role for localization to the membrane and/or sequences within the TMR and PP domain. Finally,
substitutions within the first transmembrane helix of the TMR and deletions within the PP domain both
resulted in increased activity. Thus, RscS integrates both inhibitory and stimulatory signals from the environment to regulate biofilm formation by V. fischeri.
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inducing biofilm formation, little is known about the specific
sequences essential for RscS activity. In this study, we examined the contribution of each RscS domain to protein activity
by generating deletions and site-specific substitutions and evaluating their effects on rscS1-dependent biofilm phenotypes.
Our results support the identification of RscS as a hybrid
sensor kinase; replacement of predicted phosphorylated residues resulted in a decrease in or loss of biofilm formation.
Moreover, our data demonstrate a critical role for PAS in RscS
function. Finally, the other predicted sensor domains, TMR
and the PP domain, contribute to RscS activity, and the PP
domain has an apparently negative effect. These data allowed
us to conclude that RscS integrates both positive and negative
signals to regulate biofilm formation.

MATERIALS AND METHODS
Strains, plasmids, and media. Strains used in this study are listed in Table 1.
V. fischeri strains constructed in this work were generated by conjugation as
previously described (11, 47). A bacterial isolate from E. scolopes, ES114, was the
symbiosis-competent parent strain used in this study (4). E. coli strains DH5␣
(48) and TOP10 (Invitrogen, Carlsbad, CA) were used as hosts for cloning and
conjugation. V. fischeri strains were grown in complex medium (LBS [18, 41]) or
in HMM (39) containing 0.3% Casamino Acids and 0.2% glucose (HMM-CAAGlu) (51). Antibiotics were added, as needed, at the following final concentrations: chloramphenicol, 5 g ml⫺1; erythromycin, 5 g ml⫺1; and tetracycline
(Tet), 5 g ml⫺1 in LBS and 30 g ml⫺1 in HMM. Agar was added to a final
concentration of 1.5% for solid media.
Molecular techniques. Plasmids were constructed using standard molecular
biology techniques with restriction and modifying enzymes obtained from New
England Biolabs (Beverly, MA) or Promega (Madison, WI). Plasmids used or
constructed in this study are listed in Table 1. All plasmids used in this study were
derived from or are similar to pKG63, which lacks the rscS promoter but bears
the rscS1 (50) allele under control of the lacZ promoter (15a). Thus, all rscS
alleles described in this work carry the ribosome binding site mutation and the
silent mutation at the Leu-25 codon present in rscS1 (50), as well as the described
substitutions and deletions.
Site-directed mutagenesis. The large deletions in the periplasmic domain were
generated by divergent PCR. Divergent primers specific for the end points of the
desired deletions (Table 2) and Kod HiFi thermostable DNA polymerase (Novagen, Madison, WI) were used to PCR amplify around the appropriate rscS1containing plasmid. The resulting PCR product was purified (GeneClean; QBiogene, Solon, OH), self-ligated, and transformed into TOP10 cells. The
H323A, N345A, and F353A substitutions were generated by amplifying the 5⬘
end of rscS using primer rscS1-RBS-F and the appropriate mutagenic reverse
primer and the 3⬘ end of rscS using the mutagenic forward primer and 9R2
(Table 2). The two fragments were then joined using splicing by overlap extension PCR (21) with rscS1-RBS-F and 9R2. The H867Q substitution was generated using a QuikChange kit (Stratagene, La Jolla, CA). The H412Q substitution
was generated using the GeneEditor in vitro site-directed mutagenesis system
(Promega, Madison, WI). The remaining substitutions were generated using
a Change-It multiple-mutation site-directed mutagenesis kit (USB, Cleveland, OH).
Sequencing. The presence of mutations was confirmed by automated sequencing (Northwestern University Genomics Core Facility, Chicago, IL) of the rscS1
gene on the various plasmids. One plasmid, pKG116 [rscS1(L330R)], contained
a silent base change at codon 124. This alteration (GTA to GTG) had a negligible effect on Val codon usage (29% to 17%).
Western analysis. Cultures were grown in HMM-CAA-Glu with Tet overnight, and then 1-ml samples were removed and pelleted by centrifugation. Cells
were resuspended in 50 l of distilled H2O with a protease inhibitor cocktail for
use with bacterial cell extracts (Sigma Aldrich, St. Louis, MO), and a 5-l aliquot
was removed for quantitation by the assay of Lowry et al. (27). After quantitation, cells were diluted as necessary to bring all samples to the same protein
concentration, and then 1 volume of 2⫻ sodium dodecyl sulfate dye was added.
Cells were lysed by boiling them for 5 min, and then extracts were loaded on an
8% sodium dodecyl sulfate-polyacrylamide gel electrophoresis gel. After electrophoretic separation, proteins were transferred to a polyvinylidene difluoride
membrane and probed with anti-RscS antibodies as described elsewhere (15a).

Downloaded from http://jb.asm.org/ on November 13, 2019 by guest

its amino terminus. The sensor regions of sensor kinases are
quite diverse, reflecting the wide array of signals detected by
these proteins (30). The amino terminus of RscS has three
structural features: a transmembrane region (TMR) with two
predicted transmembrane (TM) helices (TM1 and TM2) which
together define a large, 200-amino-acid periplasmic (PP) domain and a predicted PAS sensor domain located just carboxy
terminal of TM2 (16) (Fig. 1). There are examples of sensor
kinases that perceive their signal through each of these regions
(PP domain, TMR, and PAS domain) (30). The most common
class of membrane-bound sensor kinases is the class of sensor
kinases thought to receive signals through their PP domains
(30). For example, PhoQ in Salmonella detects Mg2⫹ and
antimicrobial peptides through its ⬃150-amino-acid periplasmic domain (3, 7, 45). Other examples are the CitA/DcuS-like
sensor kinases which detect concentrations of a signal molecule (citrate in the case of CitA) with a PAS-like fold in the PP
domain (34, 37). While the large PP domain of RscS exhibits
no similarity to PP domains involved in signal detection, this
domain is conserved in putative proteins encoded by rscS alleles isolated from other V. fischeri strains (Mark Mandel,
personal communication) and is present in a protein encoded
by a putative rscS homolog from the coral pathogen Vibrio
shilonii AK1 (accession number ZP_01865491). Thus, the PP
domain of RscS may play a role in signal detection.
The TMR of membrane-bound sensor proteins has been
implicated in sensing cell envelope stress, as well as in transduction of signal from the periplasm to the kinase domain.
Many of the sensor kinases thought to perceive signals through
their TMR have four or more TM helices (30). The sensor
kinase LiaS from B. subtilis and its homologs, however, are
predicted to have just two TM helices, like RscS. This sensor
kinase responds to the presence of sublethal concentrations of
antibiotics active against the cell wall, possibly through interaction of its TMR with the membrane protein LiaF (23). The
role of the TMR in signal transduction has been studied most
extensively with the bacterial chemoreceptors, in particular the
aspartate receptor Tar (30). In these dimeric receptors, the two
TM helices of each of the monomers form a four-helix bundle.
The orientation of the helices relative to one another changes
in response to ligand binding (13). In the case of Tar, ligand
binding triggers a pistonlike movement of the signaling helix
down toward the cytoplasm. This action regulates autophosphorylation of an associated histidine kinase (12, 33).
The third possible signal detection domain in RscS is its
putative PAS domain. PAS domains are found in all kingdoms
of life and have a conserved protein fold but limited sequence
homology (19). They are important for detection of signals
such as changes in light, redox potential, oxygen, and the presence of small ligands, such as ATP (44). Signal detection by
PAS domains frequently requires the presence of a bound
cofactor (44). Many sensor kinases have cytoplasmic PAS domains implicated in signal detection (30). For example, the O2
sensor FixL from rhizobia possesses a heme-binding PAS domain; the interaction of O2 with the heme cofactor results in
inactivation of the kinase activity (17). Escherichia coli ArcB
also has a cytoplasmic PAS domain; the interaction of oxidized
quinones with this domain is thought to inhibit the kinase
activity of this sensor kinase (29).
Despite the importance of the complex regulator RscS in
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TABLE 1. Plasmids and strains used in this study
Strain or plasmid

E. coli strains
TAM1
DH5␣
TOP10 F⬘

Genotype, characteristics, or construction

Source or reference

mcrA ⌬(mrr-hsdRMS-mcrBC) 80lacZ⌬M15 ⌬lacX74 recA1 araD139 ⌬(ara-leu)7697 galU galK
rpsL endA1 nupG
endA1 hsdR17(rK⫺ mK⫹) glnV44 thi-1 recA1 gyrA (Nalr) relA ⌬(lacIZYA-argF)U169 deoR
关80dlac⌬(lacZ)M15兴
F⬘ 关lacIq Tn10 (Tetr)兴 mcrA ⌬(mrr-hsdRMS-mcrBC) 80lacZ⌬M15 ⌬lacX74 recA1 araD139
⌬(ara-leu)7697 galU galK rpsL (Strr) endA1 nupG

Active Motif
48
Invitrogen

Wild type
ES114 att Tn7::PsypA::lacZ

4
15a

Plasmids
pJET1
pCR2.1-TOPO
pKV69
pKG63
pKG92
pKG94
pKG99
pKG100
pKG102
pKG107
pKG108
pKG115
pKG116
pKG123
pKG124
pKG125
pKG127

Commercial cloning vector, Ampr
Commercial cloning vector, Ampr Kanr
Mobilizable vector, Cmr Tetr
pKV69 containing rscS1 under control of PlacZ, Cmr Tetr
pKV69 containing rscS1(⌬PP-large), Cmr Tetr
pKV69 containing rscS1(⌬PP-small), Cmr Tetr
pKV69 containing rscS1(H323A), Cmr Tetr
pKV69 containing rscS1(F353A), Cmr Tetr
pKV69 containing rscS1(N345A), Cmr Tetr
pKV69 containing rscS1(H412Q), Cmr Tetr
pKV69 containing rscS1(H867Q), Cmr Tetr
pKV69 containing rscS1(⌬N-term), Cmr Tetr
pKV69 containing rscS1(L330R), Cmr Tetr
pKV69 containing rscS1(S9T), Cmr Tetr
pKV69 containing rscS1(S9A), Cmr Tetr
pKV69 containing rscS1(I13A), Cmr Tetr
pKV69 containing rscS1(D709A), Cmr Tetr

Fermentas
Invitrogen
47
15a
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study

Wrinkled colony morphology. In most experiments, plasmid-bearing strains
were streaked onto LBS-Tet plates and incubated at 28°C overnight. To obtain
the photographs shown in Fig. 4, the bacteria were grown at 28°C in LBS-Tet for
6 h, and then a 10-l aliquot was spotted on LBS-Tet plates and incubated at
28°C for 19 h. Spotting produced wrinkled morphology similar to that produced
by streaking for single colonies, but it resulted in a uniform size, which allowed
more direct comparisons among the different strains.

Surface adherence. Cultures were grown in HMM-CAA-Glu with Tet overnight and then diluted in 2 ml (final volume) to an optical density at 600 nm
(OD600) of 0.1. After 24 h of static incubation in glass tubes at 28°C, cells were
stained with 1% (wt/vol) crystal violet for 15 min. Nonadherent cells and excess
stain were washed away with several rinses of deionized H2O, and the tubes were
allowed to dry overnight. Quantitation was performed by adding 1 g of 1-mm
glass beads and 2 ml of 95% ethanol to each tube, vortexing the tube for 10 s, and

TABLE 2. Primers used in this study
Primer

Sequence

⌬PPsmall-F .....................................................................................................................AAAGAATACACAATCCACACTATTTTT
⌬PPsmall-R ....................................................................................................................ACGACGATTATACAAAAATGAAGC
⌬PPlarge-R .....................................................................................................................ATATTGTTTTACAGGATGGTTCC
⌬PPlarge-F......................................................................................................................ACCCAATCTGAAACGATAAAAAC
H323A-F .........................................................................................................................GTTAGATAAAATAAAAGCTGCCAATATTATTATCTTGC
H323A-R.........................................................................................................................GCAAGATAATAATATTGGCAGCTTTTATTTTATCTAAC
N345A-F .........................................................................................................................TATCTTTTGAATTAACAGCTCATCATAAAGATGGAAC
N345A-R.........................................................................................................................GTTCCATCTTTATGATGAGCTGTTAATTCAAAAGATA
F353A-F ..........................................................................................................................CATAAAGATGGAACTTTAGCCTGGATAGATGTATC
F353A-R .........................................................................................................................GATACATCTATCCAGGCTAAAGTTCCATCTTTATG
New⌬Nterm-F ................................................................................................................GGATCCTTTATAGGAGTTAATGCAATGGAATTAATCC
GCTCTGAAAAAGAA
D709A-F .........................................................................................................................TTAATTATCATGGCTAACCATATGCCTG
L330R-F..........................................................................................................................CAATATTATTATCTTGCGTCAATCCTTAGAAACAG
S9T-F...............................................................................................................................TTATTACGTTATACCCTGATCACAATCATT
S9A-F ..............................................................................................................................CAATTATTACGTTATGCCCTGATCACAATCATT
I13A-F .............................................................................................................................TATAGCCTTATCACGGCCATTACTTGCACATTA
H412Q.............................................................................................................................GCAACTATGAGCCAGGAGCTGAGGACA
H867Q.............................................................................................................................GATTTAATGCTCAGTCGATAAAAGG
H867Q_pur.....................................................................................................................GATTTAATGCTCAGTCGATAAAAGG
Complement_H867Q-pur .............................................................................................CCTTTTATCGACTGAGCATTAAATC
rscS1-RBS-F ...................................................................................................................GGATCCTTTATAGGAGTTAATGCAATGAAA
9R2 ..................................................................................................................................GAGCCATTCCCAATATACC
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V. fischeri strains
ES114
KV2566
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measuring the OD600 of the ethanol-crystal violet solution. The assay was performed in triplicate for each strain.
Pellicle formation. Cultures were grown in HMM-CAA-Glu with Tet overnight and then diluted in 3 ml (final volume) to an OD600 of 0.1. After 24 h of
static incubation at 28°C, pellicle formation was assessed by drawing a pipette tip
across the surface of the well. Formation of a visible film that was disrupted by
the pipette tip was scored as positive for pellicle formation (⫹). Formation of a
visible film only after 48 h of incubation was scored as ⫾. Strains which failed to
form a film even after 48 h were scored as negative (⫺). The assay was performed
in triplicate for each strain.
␤-Galactosidase activity assays. Cultures were grown in rich medium (LBS)
overnight, and ␤-galactosidase activity was measured as described previously
(31). Total protein concentrations were determined by the method of Lowry et
al. (27). The assay was performed in triplicate for each strain.

RESULTS
Putative phosphotransfer residues are important for RscS
function. Sequence alignment predicted that RscS is a hybrid
sensor kinase with HATPase, Rec, and Hpt domains (47), but
to date, the importance of these regions for RscS activity has
not been investigated. To determine if each of these putative
domains contributes to RscS activity, we generated substitutions in residues predicted to be the targets of phosphorylation
and assessed their effects on rscS1-dependent phenotypes. Specifically, we targeted the predicted autophosphorylated His in
the HATPase domain (H412), the Asp site of phosphorylation
in the Rec domain (D709), and the His in the Hpt domain
(H867) (Fig. 1). Each of the His residues was replaced by Gln
(H412Q and H867Q), while D709 was replaced by Ala
(D709A).
Because the impact of RscS on biofilm formation has been
observed only when an overexpression construct is used, we
generated these and all other substitutions in the context of the
increased activity allele rscS1 carried on a multicopy plasmid.
In each case, transcription of the rscS allele was driven exclusively from the vector-derived lacZ promoter. As controls, we
used the unmutagenized rscS1 plasmid pKG63 and vector
pKV69. We then moved the resulting plasmids into V. fischeri
and assessed RscS function. Specifically, we evaluated the abilities of the mutant alleles to produce protein and induce biofilm phenotypes, including syp transcription, wrinkled colony
formation, pellicle formation, and surface attachment.
V. fischeri strains carrying plasmids with the H412Q and
D709A substitution alleles produced full-length RscS protein,

as evaluated by Western blot analysis (Fig. 2), but they exhibited severe defects in inducing biofilm phenotypes. First, these
alleles failed to induce syp transcription, as monitored using a
reporter strain bearing a chromosomal fusion of the sypA promoter to lacZ (PsypA::lacZ, KV2566 [Table 1]); the level of syp
transcription induced by these alleles was 100-fold less than
that induced by pKG63 (Fig. 3). Consistent with a loss of syp
activation, these substitution alleles also failed to promote
wrinkled colony formation under conditions in which pKG63
induces dramatic wrinkling (Fig. 4). Similarly, while pKG63
induced pellicle formation within 24 h, strains carrying the
H412Q and D709A substitution alleles failed to form pellicles
at the air-liquid interface even after 48 h (Table 3). Finally,
these strains also failed to adhere to a glass surface, as visualized by crystal violet staining (Fig. 5A and B).
Like the H42Q and D709A substitution alleles, the H867Q
allele produced wild-type levels of protein (Fig. 2). However, in
contrast to the severe defects observed with the former alleles,
H867Q induced moderate biofilm phenotypes. This substitution allele induced syp transcription to a level that was only
fourfold less than the control level (Fig. 3). In agreement with
this less severe effect on syp transcription, this strain also pro-

FIG. 2. Western blot analysis of RscS production by various mutant
rscS1 plasmids. The position of full-length RscS is indicated by an
arrow. The lower two bands present in the pKG63 lane and the other
full-length RscS derivatives represent a cross-reactive species and a
putative proteolytic fragment of RscS, respectively (15a). ⌬PP-large
and ⌬N-term roughly comigrate with the proteolytic fragment, while
⌬PP-small is approximately the same size as the cross-reactive species.
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FIG. 1. Linear map of RscS domains. The locations of amino acid substitutions are indicated above the map, while deletions are shown below
the map.
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duced moderate wrinkling (Fig. 4) and formed a pellicle at the
air-liquid interface after 48 h (Table 3). Furthermore, the
strain carrying the H867Q substitution allele retained some
ability to adhere to a glass surface, forming a thin line of crystal
violet-stained material at the air-liquid interface (Fig. 5A).
These data suggest that the HATPase and Rec domains are
required for RscS function, while the Hpt domain is partially
dispensable.
RscS possesses a PAS signal detection domain critical for
its activity. BLAST analysis (1) of the RscS amino acid sequence predicted that there is a PAS domain immediately
carboxy terminal to TM2 (data not shown). Since PAS domains
are commonly employed to detect environmental signals (44),
we predicted that this domain is required to regulate RscS
function. To further investigate the function of the putative
PAS domain, we first generated a predicted structure. A firstapproximation structural model (Fig. 6A) (SwissModel [2])
threaded the RscS PAS sequence onto the LOV1 domain of
the Phot1 protein of Chlamydomonas reinhardtii (1N9L [14]), a
flavin mononucleotide (FMN)-binding PAS domain. LOV
(light, oxygen, or voltage) domains comprise a subset of the
PAS domain family and sense blue light through formation of
a covalent cysteine-flavin adduct (9, 14). The ability to model
the RscS sequence onto a PAS-like structure supported the
hypothesis that RscS contains a PAS domain. However, the

TABLE 3. Pellicle formation by RscS mutants
Allele

Pelliclea

Empty vector ........................................................................................⫺
pKG63 ...................................................................................................⫹
H412Q ...................................................................................................⫺
D709A ...................................................................................................⫺
H867Q ...................................................................................................⫾
H323A ...................................................................................................⫺
L330R ....................................................................................................⫺
N345A....................................................................................................⫺
F353A ....................................................................................................⫺
⌬N-term.................................................................................................⫺
S9A ........................................................................................................⫹
S9T.........................................................................................................⫹
I13A .......................................................................................................⫹
⌬PP-large ..............................................................................................⫹
⌬PP-small ..............................................................................................⫹
a
⫹, formation of a visible pellicle within 24 h during incubation at 28°C; ⫾,
formation of a visible pellicle within 48 h; ⫺, failure to form a pellicle after 48 h.

pKG63

H412Q

D709A

H867Q

H323A

L330R

N345A

F353A

∆N-Term

S9A

S9T

I13A

∆PP-large ∆PP-small

FIG. 4. Colony morphology of strains carrying RscS mutants. Bacteria were grown at 28°C in LBS-Tet for 6 h and then spotted on
LBS-Tet plates and incubated at 28°C for 19 h. The experiment was
performed at least in triplicate; representative results are shown. EV,
empty vector.

RscS PAS domain lacks Cys residues, suggesting that it is not
a canonical LOV domain. Furthermore, sequence alignment of
RscS PAS, LOV1, and the related flavin adenine dinucleotide
(FAD)-binding PAS domain of Azotobacter vinelandii NifL
(Fig. 6D) revealed that the RscS PAS domain shares homology
with NifL, especially in residues predicted to be important for
FAD binding (24).
To determine if the putative PAS domain indeed regulates
RscS function, we generated substitutions in PAS domain residues predicted to interact with a flavin cofactor based on the
structure prediction and sequence alignment. In both FMNbinding LOV1 and FAD-binding NifL, a conserved Asn residue and an aromatic residue interact with the flavin ring of the
respective cofactors (Fig. 6B and C). Replacement of the corresponding residues in RscS (Asn-345 and Phe-353) would
thus be predicted to disrupt cofactor binding and RscS function. The NifL PAS domain further interacts with its FAD
cofactor through a positive residue (corresponding to His-323
in RscS) and a hydrophobic residue (corresponding to Leu-330
in RscS) (24). Thus, disruption of these residues would be
predicted to affect RscS function if the RscS PAS domain binds
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FIG. 3. Induction of syp transcription by RscS mutants. The ␤-galactosidase activity induced in the PsypA::lacZ reporter strain by a
plasmid carrying a mutation was divided by the activity induced by
pKG63 to derive the relative activity. The error bars represent propagation of the standard deviation.

EV
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a FAD cofactor. Therefore, we replaced H323, N345, and F353
with Ala and L330 with Arg.
V. fischeri strains carrying plasmids with the four PAS domain substitutions in rscS produced full-length RscS protein
(Fig. 2) but exhibited severe defects in inducing biofilm formation. Each of the four PAS domain substitutions resulted in
a profound loss of syp induction, and the transcription levels
were approximately 100-fold lower than the level induced by
pKG63 (Fig. 3). Consistent with this result, each substitution
allele also failed to induce wrinkled colony formation on solid
media (Fig. 4) and pellicle formation at the air-liquid interface
(Table 3). Strains expressing the H323A and L330R substitution alleles also failed to adhere to a glass surface (Fig. 5A and
B), while strains with the N345A and F353A substitution alleles exhibited a moderate ability to adhere to glass (Fig. 5A).
These experiments were performed at 28°C, the optimal
growth temperature for V. fischeri. Historically, however, we
have observed that incubation at room temperature increases
RscS-mediated phenotypes (data not shown), and thus we
asked if incubation at a lower temperature would restore activity to our PAS domain substitution alleles. Indeed, this was
the case for the N345A and F353A substitutions. When incubated at room temperature, the strains carrying the N345A and
F353A alleles both exhibited moderate wrinkling, surface adherence, and pellicle formation and induced syp transcription
to levels near pKG63-induced levels (data not shown). However, strains carrying the H323A and L330R substitutions
failed to exhibit rscS1-mediated phenotypes regardless of the
temperature, and the results were indistinguishable from the
results for the vector control (data not shown). Thus, the PAS
domain is critical for RscS function, and the severe defect

observed for substitutions (H323A and L330R) predicted to
disrupt FAD binding but not FMN binding suggests that RscS
may bind a FAD cofactor.
A cytoplasmic RscS derivative is partially active. Some
membrane-bound sensor kinases become constitutively active
when they are liberated from the membrane (6, 26), while
others become nonfunctional (36). To determine what role
membrane localization and/or sequences within the TMR and
PP domain play in RscS function, we generated a cytoplasmic
derivative of RscS lacking the putative TM helices and PP
domain but retaining the PAS domain (⌬N-term; amino acids
N3 through R257 removed [Fig. 1]) and tested its effect on
RscS-dependent culture phenotypes. Western analysis showed
that this deletion construct produced protein (Fig. 2). However, the deletion resulted in a loss of RscS function; the
truncated protein failed to induce syp transcription (Fig. 3),
wrinkled colony formation (Fig. 4), pellicles (Table 3), or surface adherence (Fig. 5A) when the assay was performed at
28°C. In contrast, incubation at a lower temperature restored
partial activity, including moderate levels of syp transcription,
wrinkled colony formation, thin pellicles, and moderate surface attachment (data not shown). Thus, full RscS activity may
require localization to the membrane and/or essential sequences in the amino terminus.
The transmembrane domain is important for RscS function.
The decrease in activity of the N-terminal deletion suggested a
positive role for sequences in the PP domain and/or TMR. The
TMR may directly detect environmental signals, or it may be
important for transduction of the signal across the membrane
from the PP domain. To determine the role of the TMR of
RscS, we generated substitutions within the first putative TM
helix (TM1) and determined their effects on RscS-dependent
phenotypes. We focused on TM1 because modeling its sequence onto a helical wheel (data not shown) predicted the
presence of a hydrophilic patch along one face of the helix. We
predicted that this hydrophilic patch might serve as an interaction surface between the monomers within the RscS dimer
or with another membrane protein. If it does, then disrupting
this patch would alter these interactions and alter RscS function. To test this hypothesis, we replaced a hydrophilic Ser
residue within the patch with a hydrophobic residue (S9A) or
with another hydrophilic residue (S9T). Consistent with our
hypothesis, strains carrying the S9A substitution allele exhibited an approximately twofold increase in syp transcription
(Fig. 3). However, the S9T substitution also caused increased
syp transcription, as did replacement of a residue outside the
hydrophilic patch (I13A) (Fig. 3). The S9A, S9T, and I13A
constructs each also slightly increased surface attachment (Fig.
5A) but induced the formation of wrinkled colonies (Fig. 4)
and pellicles (Table 3) to an extent similar to that observed
with strains carrying pKG63. Therefore, we propose that the
identity of certain residues within TM1, but not their relative
hydrophilicity, is important for RscS function.
The periplasmic domain negatively regulates RscS function.
The loss of the N terminus led to a decrease in RscS function,
while disruption of TM1 had the opposite effect. To determine
what role the PP domain may play, we constructed mutations
within this domain, leaving TM1 and TM2 intact. Because the
PP domain has no significant homology to other proteins, we
had no information to guide mutagenesis; therefore, we
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FIG. 5. Surface adherence of strains overexpressing the indicated rscS mutant constructs. (A) Photographs of crystal violetstained glass tubes, showing variations in surface adherence. The
experiment was performed in triplicate, and representative results
are shown. (B) Quantitation of crystal violet staining. The error
bars indicate the standard deviations. EV, empty vector.
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elected to examine the function of the PP domain by generating two deletions within it (Fig. 1). The deletion that we designated ⌬PP-large removed 183 amino acids (Q33 through
I216), leaving an 18-amino-acid linker between the two TM
helices, while the deletion that we designated ⌬PP-small removed 42 amino acids (amino acids 85 through 127) from the
central portion of the domain.
V. fischeri strains carrying plasmids with these rscS deletions
produced truncated RscS protein, as detected by Western
analysis (Fig. 2). Both the large and small PP deletion constructs induced syp transcription to nearly wild-type levels (Fig.
3), suggesting that the PP domain is dispensable for this phenotype. Consistent with this result, strains carrying these two
plasmids also produced wrinkled colonies on solid media (Fig.
4) and thick pellicles at the air-liquid interface (Table 3) to an
extent similar to that observed with strains carrying pKG63.
These results suggested that the PP domain is not required for
RscS function other than as a membrane tether.
However, when we examined attachment, a different story

began to emerge. The loss of the PP region of RscS (⌬PPlarge) appeared to cause an increase in cell-cell aggregation.
This effect was shown by formation of stringy cell aggregates
during growth in shaking liquid cultures; these aggregates
formed more quickly and to a greater extent in strains containing ⌬PP-large than in strains carrying pKG63 (data not
shown). Furthermore, strains carrying the ⌬PP-large or ⌬PPsmall deletion alleles exhibited a dramatic increase in adherence to glass (Fig. 5A and B). Thus, these data suggested that
removal of the PP domain resulted in increased RscS activity.
In the assay for surface attachment, the PP domain deletions
not only increased the amount of crystal violet-stained material
left on the glass surface but also changed the pattern of deposition. The wild-type protein induced surface attachment in a
tight ring at the air-liquid interface, while both PP domain
deletion alleles induced attachment throughout the culture
(Fig. 5A). This effect could be seen quite clearly in surface
attachment assays performed with various culture volumes.
For pKG63-containing strains, the area of crystal violet stain-
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FIG. 6. RscS PAS domain. (A) RscS PAS domain sequence threaded onto the LOV1 domain of the Phot1 protein of C. reinhardtii (1N9L) (2,
14; http://swissmodel.expasy.org//). Residues subjected to mutagenesis in this study are shown in white spacefill and are labeled. (B) LOV1 domain
of the Phot1 protein of C. reinhardtii (1N9L) (14). The FMN cofactor is indicated by black lines. Residues corresponding to the residues
mutagenized in RscS are shown in white spacefill. (C) A. vinelandii NifL PAS domain structure (2GJ3) (24). The FAD cofactor is indicated by black
lines. Residues corresponding to the residues mutagenized in RscS are shown in white spacefill. (D) Sequence alignment for the putative PAS
domain of RscS, the A. vinelandii NifL PAS domain, and the LOV1 domain of the Phot1 protein of C. reinhardtii. Residues targeted for substitution
in RscS and the corresponding residues in NifL and LOV1 are indicated by bold type. Crystal structures were visualized using the PyMOL
molecular graphics system (http://www.pymol.org).
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ing was limited to the top of the tube, where the air-liquid
interface was. In contrast, for strains carrying the ⌬PP-large
allele of rscS, staining occurred throughout the tube (Fig. 7A).
These results suggest that the wild-type protein fails to induce attachment below the air-liquid interface due to a negative signal relayed by the PP domain. For example, cells below
the air-liquid interface may be exposed to lower levels of oxygen and thus be in a different redox state. In support of this
idea, limiting airflow in the culture tubes using a mineral oil
overlay or a cotton plug and Parafilm resulted in loss of the
tight ring at the air-liquid interface for both pKG63 and PP
domain deletion strains (Fig. 7B). In contrast, attachment below this ring was largely unaffected in cultures expressing the
PP domain deletion constructs. The exact signal detected by
the PP domain remains to be determined; nonetheless, these
data support the conclusion that the PP domain modulates
RscS activity under specific environmental conditions.
DISCUSSION
The work described here demonstrates that the V. fischeri
symbiosis regulator RscS is a complex protein with multiple
inputs for signal integration and relay. In its kinase domain,
both the HATPase and Rec domains are required for RscS
activity, while the Hpt domain is partially dispensable. In the
amino-terminal sensor portion of the protein, disruption of the
PP domain and TMR resulted in increased activity, while sin-

gle amino acid substitutions in the PAS domain eliminated or
severely impaired the function.
The identification of RscS as a hybrid sensor kinase suggested that after autophosphorylation the phosphoryl group
progresses down the length of RscS through a phosphorelay
before ultimately arriving at the target response regulator, as
has been shown for the canonical hybrid sensor kinase ArcB
(25). However, our results show that disruption of the Hpt
domain results in only a partial loss of function. Intriguingly,
the putative RscS homolog in V. shilonii has homology to V.
fischeri RscS along the length of the protein but lacks a predicted Hpt domain (K. Geszvain, unpublished data). These
data raise the possibility that at least some of the phosphoryl
transfer along the length of RscS is independent of its Hpt
domain. Thus, the phosphorelay may be branched, with some
phosphoryl groups being transferred to the Hpt domain on
RscS before being transferred to the response regulator and
some phosphoryl groups being transferred from Rec to an
unknown Hpt domain on a second protein. Such a phosphotransfer pathway is not unprecedented; in the Rcs capsular
polysaccharide regulatory pathway of E. coli, the phosphoryl
group is transferred from the Rec domain of the hybrid sensor
kinase RcsC to the Hpt domain of another sensor kinase, RcsD
(28). Alternatively, the phosphoryl group could be transferred
directly to the downstream response regulator via H1 (H412),
which has been shown to happen in vitro for ArcA/B (15). The
syp cluster encodes three two-component regulators: two putative response regulators, SypG and SypE, and a predicted
membrane-bound hybrid sensor kinase, SypF. SypG is required for all of the biofilm phenotypes induced by RscS in
culture (15a, 22). Furthermore, we have found that SypG is
required for biofilm formation induced by RscS(H867Q) and
RscS(⌬PP-large) (unpublished data), suggesting that the activity of RscS is ultimately, if not directly, shuttled through SypG.
SypE and SypF also play roles in RscS- and/or SypG-dependent phenotypes; however, their roles are complex and poorly
understood (9a, 22). Thus, the regulatory consequences of
RscS activation appear to be complex, involving interactions
with multiple downstream targets.
While substitutions and deletions within the TMR and PP
domain resulted in increased RscS activity, deletion of both
domains together (⌬N-term allele) resulted in impaired function. Thus, while the TMR and the PP domain may detect or
transmit a negative signal, there appears to be a positive role
either for the TMR or the PP domain or for membrane localization itself. Possibly, membrane localization is required for
activation of RscS through its PAS domain via a signal located
predominately there, in much the same way that ArcB is proposed to be negatively regulated by quinones in the membrane
(29). However, it is formally possible that the increased activity
displayed by the TMR and PP domain mutant alleles is simply
due to increased protein levels. This seems unlikely to be the
case at least for the PP domain deletion alleles since they do
not increase all RscS activities. For example, these alleles
greatly increase surface attachment, yet they have little effect
on syp transcription. Therefore, our data support a model in
which the PP domain negatively regulates RscS function with
residues in TM1 involved in transduction of this signal to the
cytoplasmic domain, while the PAS domain located at the
inner membrane positively regulates RscS activity.
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FIG. 7. Effect of air limitation on surface attachment. (A) Surface
attachment assays performed with increasing volumes of culture.
(B) Surface attachment assays performed with (i) normal airflow, (ii)
airflow restricted with a cotton plug and Parafilm sealing the top, and
(iii) airflow restricted by a mineral oil overlay.
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Our results show that the PAS domain is critical for RscS
function and support the hypothesis that there is a FAD cofactor bound to the domain. Replacement of H323 and replacement of L330 both resulted in a complete loss of RscS
function, while the N345A and F353A substitutions both dramatically reduced activity at higher temperatures. A key difference between the FMN and FAD cofactors is the presence
of the adenine base in the FAD cofactor. In NifL, a Trp
residue (W87) base stacks with this adenine, stabilizing the
interaction of the cofactor with the PAS domain (24). The
corresponding residue in the FMN-binding LOV1 is a positively charged Arg (R74) (14), while in RscS it is a Leu residue
(L330) (Fig. 6A). Replacement of L330 with Arg resulted in a
complete loss of activity, consistent with the hypothesis that
this positively charged residue repels binding of the hydrophobic adenine base of a FAD cofactor. The interaction between
a positive residue and the phosphate group of FAD is thought
to make a major contribution to the stability of FAD binding in
flavoproteins (20). In NifL, this residue is R80 (24); the corresponding residue in RscS is H323, while in LOV1 it is P67
(14). Removing this positive residue from RscS (H323A) resulted in a complete loss of activity. Taken together, our data
support the hypothesis that a FAD cofactor binds to the RscS
PAS domain.
Can our data reveal anything about the nature of the signal(s) detected by RscS? FAD-binding PAS domains commonly act as redox sensors (43). For example, the oxidation
state of the FAD cofactor bound in the E. coli aerotaxis sensor
Aer is proposed to regulate the response of the protein to
oxygen gradients and redox potential (38). Thus, RscS may
sense the redox state of the cell through its PAS domain. At
the same time, removal of the PP domain resulted in an apparent loss of sensitivity to low O2 concentrations, as shown by
increased surface attachment below the air-liquid interface of
strains carrying the deletion alleles. This raises the intriguing
possibility that a repressive O2/redox state detected by the PP
domain and an activating O2/redox state detected by the PAS
domain collaborate to limit RscS activity to a narrow window
of optimal signal concentration. This is an attractive hypothesis
because reactive oxygen species are present in the squid-secreted mucus that V. fischeri cells encounter early in the symbiosis (5, 10). Thus, RscS may detect a change in the redox
state of the cell as the bacteria move from the relatively reducing environment of the seawater to the oxidizing environment of the squid.
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