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Abstract
Sinorhizobium meliloti requires ExoS/ChvI two-component signaling to establish a nitrogen-fixing
symbiosis with legume hosts. The importance of ExoS/ChvI signaling in microbe-host interactions
is underscored by the requirement of ExoS/ChvI orthologs for virulence of the related α-
proteobacteria Agrobacterium tumefaciens and Brucella abortus. In S. meliloti, ExoS/ChvI is a
key regulator of gene expression for exopolysaccharide synthesis, biofilm formation, motility,
nutrient utilization, and free-living viability. Previously, we showed that the novel conserved
regulator ExoR interacts genetically with both ExoS and ChvI, and localizes to the periplasm of S.
meliloti. Here, we show that ExoR physically associates with ExoS and that this association is
important for regulating ExoS/ChvI signaling. We have identified point mutations in the Sel1-like
repeat region of ExoR that disrupt binding to ExoS and cause a dramatic increase in ExoS/ChvI-
dependent gene expression. Furthermore, we have found that physical interaction with ExoS
stabilizes the ExoR protein. Together, our results indicate that ExoR binds to ExoS in the
periplasm of S. meliloti to inhibit ExoS/ChvI activity, and that ExoR represents a novel
periplasmic inhibitor of two-component signaling.

Introduction
Symbioses between certain root-associated bacteria and plants provide fixed nitrogen
directly to host plants, enhancing plant growth and agricultural productivity (Barnett and
Fisher, 2006). Establishment of the nitrogen-fixing symbiosis between Sinorhizobium
meliloti and legume plants of the genus Medicago requires a complex series of
developmental events (Jones et al., 2007). Initially, the plant secretes a flavonoid signal such
as luteolin, and S. meliloti responds by synthesizing and secreting Nod factor, which induces
root cortical cell division to form nodules. The bacteria invade root hair cells by means of
plant-derived structures called infection threads. Eventually, individual bacteria surrounded
by host membrane are released into the cytoplasm of root nodule cells, forming
symbiosomes. Inside symbiosomes, the bacteria differentiate into bacteroids and provide
fixed nitrogen to the plant in exchange for carbon sources such as dicarboxylic acids. Since
symbiosis requires the invasion and persistence of S. meliloti inside host cells, it is thought
that similar strategies are utilized during pathogenesis by other α-proteobacteria, such as the
mammalian pathogen Brucella (Batut et al., 2004).

Bacterial signals other than Nod factor are also critical for the progress of symbiosis. The S.
meliloti exopolysaccharide succinoglycan, or EPS-I, has a critical role in the invasion of host
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cells to establish the nitrogen-fixing symbiosis (Leigh et al., 1985; Finan et al., 1985;
Pellock et al., 2000). Succinoglycan is a polymer of repeating octasaccharide units of one
galactose and seven glucose residues, with acetyl, succinyl, and pyruvyl modifications
(Reinhold et al., 1994). The trimer (three-unit) form of succinoglycan is the form that
enables S. meliloti to invade nodules (Wang et al., 1999). S. meliloti mutants that lack
succinoglycan fail to infect host plants, eliciting empty nodules that do not fix nitrogen
(Leigh et al., 1985; Cheng and Walker, 1998a). Some mutants that overproduce
succinoglycan are defective in root hair colonization (Cheng and Walker, 1998a), and may
exhibit symbiotic defects of varying severity (Doherty et al., 1988; Ozga et al., 1994; Yao et
al., 2004; Fujishige et al., 2006; Gibson et al., 2006; Wells et al., 2007).

ExoR and ExoS were discovered as regulators of succinoglycan synthesis since the loss-of-
function exoR95::Tn5 and gain-of-function exoS96::Tn5 mutants overproduced
succinoglycan (Doherty et al., 1988). ExoS is a sensor kinase in a two-component system
with the response regulator ChvI (Cheng and Walker, 1998b). Two-component systems,
consisting of a sensor kinase and a response regulator, are highly conserved among bacteria
and widely used for controlling gene expression in response to environmental signals (Hoch,
2000). In response to stimuli, a typical sensor kinase autophosphorylates, then transfers its
phosphate to its cognate response regulator to control the transcription of target genes.
ExoS/ChvI is a member of the EnvZ/OmpR family of two-component systems (Cheng and
Walker, 1998b). Like EnvZ, ExoS is a periplasmic-sensing histidine kinase, with a
periplasmic sensing domain flanked by two transmembrane domains, and a cytoplasmic
kinase domain (Mascher et al., 2006). ExoS/ChvI positively regulates transcription of
succinoglycan biosynthesis enzymes such as ExoY, ExoF, and ExoP (Doherty et al., 1988;
Cheng and Walker, 1998b; Wells and Long, 2002).

Although originally identified as a regulator of succinoglycan synthesis, the ExoS/ChvI two-
component system has emerged as a regulatory pathway of broader importance for
successful interactions between S. meliloti and its host. Attempts to delete either exoS or
chvI were unsuccessful in S. meliloti, suggesting that both are essential genes in free-living
bacteria (Osteras et al., 1995; Cheng and Walker, 1998b). Transcriptional profiling
experiments indicated that the exoS96 mutation alters the expression of hundreds of genes
(Yao et al., 2004; Wells et al., 2007). In addition to regulating succinoglycan production,
ExoS/ChvI signaling regulates flagellar motility, biofilm formation, nutrient utilization, and
symbiosis (Yao et al., 2004; Fujishige et al., 2006; Wells et al., 2007). Furthermore, ChvG/
ChvI and BvrS/BvrR, orthologs of ExoS/ChvI, are required for virulence in Agrobacterium
tumefaciens and Brucella abortus, respectively (Charles and Nester, 1993; Sola-Landa et al.,
1998).

Unlike ExoS and ChvI, ExoR is a negative regulator of succinoglycan synthesis (Doherty et
al., 1988; Reed et al., 1991). Orthologs of ExoR have not been characterized, but are found
in nitrogen-fixing symbionts such as Bradyrhizobium, Rhizobium, and Mesorhizobium, as
well as in other α-proteobacteria such as Brucella, Bartonella, and Agrobacterium. ExoR
has four predicted Sel1-like repeats, which are folding motifs that form antiparallel α-helix/
α-helix hairpin structures and have roles in mediating protein-protein interactions (Mittl and
Schneider-Brachert, 2007). Recently, we reported that exoR interacts genetically with exoS/
chvI and that the ExoR protein localizes to the periplasm of S. meliloti (Wells et al., 2007).
These results suggested that ExoR might act either in the same pathway or in a parallel
pathway to oppose ExoS/ChvI signaling.

Here, we demonstrate that ExoR physically associates with ExoS. We show that the physical
interaction between ExoR and ExoS is critical for regulation of ExoS/ChvI signaling, since
we have identified point mutations in ExoR that disrupt the association with ExoS and result
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in increased ExoS/ChvI activity in S. meliloti. As further evidence for the functional
interaction between ExoR and ExoS, we show that association of ExoR with ExoS results in
stabilization of the ExoR protein. Our results indicate that the ExoS/ChvI two-component
system is inhibited by physical interaction with a novel periplasmic regulator, the Sel1-like
repeat protein ExoR.

Results
A genetic screen for mutations that suppress the chvI(K214T) growth defect on TY

Since ExoS/ChvI regulates many functions in both free-living and symbiotic bacteria, we
used a genetic approach to identify new ExoS/ChvI transcriptional target genes involved in
mediating these diverse functions. The chvI(K214T) mutation was originally isolated as a
suppressor of the exoR95::Tn5 symbiotic defect on alfalfa (Wells et al., 2007). The
chvI(K214T) mutation is a partial loss of function allele that results in decreased
succinoglycan production, a severe symbiotic defect, and an inability to grow on the rich
medium TY (Wells et al., 2007). To identify mutations that suppressed the chvI(K214T)
growth defect on TY, we mutagenized a chvI(K214T) strain (EC69) with Tn5. After
screening 4,000 neomycin-resistant colonies with Tn5 insertions, we identified 8 mutants
(supr1-8) that grew on TY (see Experimental Procedures; Fig. 1). For all 8 strains, the
suppression phenotype was conferred by spontaneous mutation, since transduction analysis
indicated that the Tn5 insertions were unlinked to suppression of the TY phenotype.

Since chvI was previously shown to interact genetically with exoS and exoR (Wells et al.,
2007), we performed complementation testing to check whether any of the spontaneous
mutations occurred in exoS or exoR. Introduction of a low-copy plasmid containing exoS
(pexoS; pEC70) into the supr1-8 strains resulted in impaired growth of the supr2 and supr3
strains on TY, indicating that supr2 and supr3 likely contained mutations in exoS. We also
attempted to introduce exoR on a low-copy plasmid (pexoR; pDW85) into the supr1-8
strains, but conjugation of this plasmid into a chvI(K214T) background resulted in extremely
poor growth. Previously, strong overexpression of exoR was found to be lethal in a wild-
type background (Wells et al.,2007 consequently, if ExoR were indeed a negative regulator
of Exos/ChvI, one would expect overexpression of exoR from a low-copy plasmid to result
in poor growth of strains with defective chvI.

By sequencing exoS and exoR in the suppressor strains, we found that the supr2 and supr3
strains contained point mutations in exoS, and the remaining supr strains contained
mutations in exoR (Table 1; Fig. 2). The supr2 [exoS(I87V)] and supr3 [exoS(G268S)]
mutations are each located in the predicted periplasmic domain of ExoS, close to one of its
two transmembrane domains. The exoR mutations included amino acid substitutions (supr6,
7, 8), frameshifts (supr1, 5), and insertion of a native ISRm2011-2/ISRm11 element in the
region upstream of the exoR start codon (supr4). The point mutations in supr6
[exoR(S156Y)], supr7 [exoR(G76C)], and supr8 [exoR(A123P)] are all located in the Sel1-
like repeat region of ExoR, and the supr8 mutation specifically alters a conserved alanine in
the Sel1-like repeat motif.

We chose to focus on the supr2, 3, 6, and 7 mutations for further characterization, since
introduction of wild-type chvI on a low-copy plasmid (pchvI; pDW199) into these strains
yielded healthy colonies. In contrast, introduction of pchvI into the supr1, 4, 5, and 8 strains
resulted in extremely poor growth, indicating that the single mutant strains would be
difficult to work with; we are currently investigating the basis for the poor growth
phenotype of these strains. Since we had difficulty transducing the exoR mutations out of the
supr1, 4, 5, and 8 strains, it is unlikely but formally possible that suppressor mutations in
additional loci are present in these strains.
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The supr2, 3, 6, and 7 mutations increase ExoS/ChvI activity and exhibit symbiotic defects
To characterize the new exoR and exoS mutations further, we used site-directed mutagenesis
and gene replacement to generate the supr2 [exoS(I87V)], supr3 [exoS(G268S)] supr6
[exoR(S156Y)], and supr7 [exoR(G76C)] mutations in a wild-type Rm1021 background. In
a wild-type background, these mutations resulted in strong overproduction of succinoglycan,
as evidenced by mucoid colony morphology and extremely bright fluorescence on medium
with Calcofluor (Fig. 3).

ExoR and ExoS/ChvI have been shown to regulate the expression of succinoglycan
biosynthesis enzymes such as ExoY, a galactosyltransferase required for the first step in
succinoglycan synthesis (Reed et al., 1991; Reuber and Walker, 1993; Ozga et al., 1994;
Wells and Long, 2002; Wells et al., 2007). To test the effect of the suppressor mutations on
ExoS/ChvI activity, we constructed a PexoY::GUS transcriptional fusion and introduced the
fusion into the mutant strains. As expected, the exoS(I87V), exoS(G268S), exoR(S156Y), and
exoR(G76C) mutations each resulted in a dramatic increase in exoY transcription relative to
wild-type (Table 2). The increased succinoglycan production and PexoY::GUS activity in the
mutants were dependent on wild-type chvI function, since replacement of chvI with the
chvI(K214T) partial loss of function allele decreased succinoglycan production and
PexoY::GUS activity significantly (Fig. 3; Table 2). The exoR(S156Y) and exoR(G76C)
mutations were recessive, since the PexoY::GUS phenotype of these strains was
complemented by pexoR, but the exoS(I87V) and exoS(G268S) mutations were partially
dominant (Table 2).

We also tested symbiotic proficiency of the mutants on alfalfa. Strains were inoculated onto
alfalfa seedlings in slant tubes containing nitrogen-free medium. Nodules were observed
weekly, and plants were removed from slants 29 days after inoculation to measure plant
height. We found that all of the mutants showed symbiotic defects as indicated by a
decreased percentage of pink nodules 15 days after inoculation and/or reduced plant height
(Table 3). In particular, nodule formation was delayed in the exoS(I87V), exoS(G268S), and
exoR(G76C) mutants, since the percentage of pink nodules elicited by these strains did
increase substantially by 29 days. Excision and crushing of 8 nodules elicited by each of the
mutant strains uniformly yielded bacteria that formed mucoid colonies (not shown),
suggesting that the mutants were able to form nodules on alfalfa without gaining suppressor
mutations. As with the succinoglycan production defect (Fig. 3), the mutant defects in plant
height and in pink nodule development at 15 days were suppressed by chvI(K214T) (Table
3). Taken together, the succinoglycan production, PexoY::GUS, and nodulation phenotypes
indicate that exoS(I87V) and exoS(G268S) are gain-of-function exoS mutations, that
exoR(S156Y) and exoR(G76C) are reduced function exoR mutations, and that all four of
these mutations result in increased ExoS/ChvI activity.

ExoR binds to ExoS
The isolation of these novel exoR and exoS mutations as suppressors of the chvI(K214T)
growth defect on TY further strengthened the genetic links between exoR, exoS, and chvI.
Since ExoR localizes to the periplasm (Wells et al., 2007), the simplest model consistent
with the genetic data is that ExoR physically interacts with ExoS to inhibit ExoS activity. To
test for an interaction between the ExoR and ExoS proteins in S. meliloti, we performed
coimmunoprecipitation. We fused the V5 epitope to the carboxyl terminus of ExoR, and the
8xmyc epitope to the amino terminus of ExoS (see Experimental Procedures). Each gene
was epitope-tagged in the chromosome, so that each tagged gene was expressed from its
native promoter and represented the only copy of exoR or exoS in the cell. The epitope-
tagged alleles retained wild-type function, as judged by normal colony morphology during
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growth on LB medium with calcofluor and by symbiotic proficiency with alfalfa (not
shown).

By immunoprecipitating ExoR-V5, we found that ExoS physically associates with ExoR
(Fig. 4A, lane 1). The anti-V5 co-immunoprecipitation was specific, since ExoS was
expressed in total cell lysates (Fig. 4B) but failed to coimmunoprecipitate from a strain with
untagged ExoR (Fig. 4A, lane 2). We were unable to detect ExoR reliably when performing
the coimmunoprecipitation in the reverse direction by immunoprecipitating ExoS (not
shown), perhaps due to the relative abundance of cellular ExoR versus ExoS protein, and the
differing effectiveness of immunoprecipitation by the anti-V5 or anti-myc antibodies.
However, the coimmunoprecipitation of ExoS with ExoR supports the simplest model for
ExoR function, that ExoR binds to ExoS to regulate ExoS/ChvI function. In the simplest
model, the interaction of ExoR and ExoS would be direct, but these data do not rule out the
possible participation of another molecular component.

The exoR(S156Y) and exoR(G76C) mutations disrupt binding to ExoS
One prediction of the model, that ExoR inhibits ExoS/ChvI activity by binding to ExoS, is
that failure of ExoR to bind to ExoS would result in increased ExoS/ChvI activity. In such a
case, one would predict a category of mutations in exoR or exoS that abolish binding and
show a corresponding increase in ExoS/ChvI activity. Since the exoR(S156Y) and
exoR(G76C) mutants show increased ExoS/ChvI activity (Fig. 3 and Table 2), we tested
whether these ExoR mutant proteins showed decreased binding to ExoS. We epitope tagged
each of the exoR mutants in the chromosome with V5, and performed
coimmunoprecipitation assays. Both ExoR(S156Y) and ExoR(G76C) showed a severe
decrease in binding to ExoS relative to wild-type ExoR (Fig. 5A; compare lanes 3 and 5 to
lane 1), even though ExoS was expressed in all strains (Fig. 5B), and both mutant ExoR
proteins were expressed at levels similar to wild-type ExoR (Fig. 5B; compare lanes 3 and 5
to lane 1). Thus, the exoR(S156Y) and exoR(G76C) mutations both disrupt the physical
association with ExoS and exhibit increased ExoS/ChvI activity. These results indicate that
ExoR exerts its inhibitory effect on ExoS/ChvI signaling through direct or indirect physical
association with ExoS.

We also tested the ExoS(I87V) and ExoS(G268S) mutants for their ability to associate with
ExoR, and found that both mutant ExoS proteins coimmunoprecipitated with ExoR as well
as wild-type ExoS (not shown). Consistent with these results is the idea that exoS(I87V) and
exoS(G268S) affect ExoS activity at a step downstream of ExoR binding, such as
transduction of the ExoR binding signal to the transmitter domain of ExoS.

Binding to ExoS stabilizes ExoR
During the course of our experiments, we found that overexpression of exoS from the strong
trp promoter, in the low copy plasmid pRF771, resulted in a six-fold increase in the steady-
state levels of ExoR protein (Fig. 6A). We were intrigued by this effect of exoS
overexpression and investigated whether the increase in ExoR protein levels was due to
transcriptional or post-translational regulation. We constructed a PexoR::GUS transcriptional
fusion by fusing the region upstream of exoR to GUS and integrating the construct into the
chromosome, leaving the chromosomal exoR promoter and ORF intact (see Experimental
Procedures). We found that exoS overexpression increased exoR transcription about two-fold
relative to wild-type plus vector (Table 4), indicating that ExoS regulates the transcription of
its own negative regulator, ExoR. However, the roughly two-fold increase in exoR
transcription upon exoS overexpression (Table 4) was insufficient to account for the entire
observed six-fold increase in steady-state ExoR protein levels (Fig. 6A).
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To test whether exoS overexpression influenced ExoR protein stability, we performed pulse-
chase experiments. Cultures were labeled for 5 min with [35S]-methionine, then excess
unlabeled methionine was added, and samples were harvested every hour for 4 hours.
Although fairly stable in wild-type cells with vector only (t1/2 ∼ 50 min), ExoR protein was
stabilized dramatically by overexpression of exoS, with almost no detectable protein loss
over the time period observed (Fig. 6B and C).

The simplest explanation for the stabilization of ExoR by exoS overexpression is that ExoR-
ExoS binding protects ExoR from degradation by proteases in the periplasm. If ExoR-ExoS
binding is not saturated under wild-type conditions, exoS overexpression might increase the
proportion of ExoR that is complexed with ExoS and protected from degradation. An
alternative explanation is that exoS overexpression has an indirect effect by changing the
expression of a periplasmic factor that alters ExoR stability. Consistent with the first
hypothesis, overexpression of exoS resulted in a dramatic increase in the amount of ExoS
that coimmunoprecipitated with ExoR (Fig. 7A; compare lane 3 to lane 2); the amount of
immunoprecipitated ExoR is limited by the immunoprecipitation conditions and is similar in
both lanes. The increase in ExoR levels in total cell lysates was smaller (3-fold versus 6-
fold) upon overexpression of myc-tagged ExoS versus untagged ExoS (compare Fig. 7B and
6A), which likely reflects a subtle difference in tagged ExoS function evident upon
overexpression.

If binding to ExoS protects ExoR from degradation, we would predict that ExoR mutants
that bind poorly to ExoS would be destabilized relative to wild-type ExoR. Previously, we
showed that steady-state levels of the ExoR(S156Y), ExoR(G76C), and wild-type ExoR
proteins are similar (Fig. 5B). To examine transcriptional and post-translational regulation in
the exoR(S156Y) and exoR(G76C) mutant strains, we performed PexoR::GUS transcriptional
fusion assays and pulse-chase experiments. We found that these mutants showed a five- to
seven-fold increase in exoR transcription relative to wild-type (Table 4), again indicating
that ExoS/ChvI transcriptionally regulates its own negative regulator. Moreover, pulse-chase
experiments demonstrated that the ExoR(S156Y) and ExoR(G76C) proteins were
significantly destabilized relative to wild-type ExoR (Fig. 8A and B). Thus, although steady-
state levels of the mutant and wild-type ExoR proteins are similar, the ExoR mutant proteins
that bind poorly to ExoS are destabilized relative to wild-type ExoR.

One explanation for the rapid turnover of the mutant ExoR proteins is that the exoR
mutations may disrupt protein structure and render the mutant proteins intrinsically unstable.
To address this possibility, we introduced the exoS overexpressing plasmid into the exoR
mutant strains and repeated the pulse-chase experiments. If the ExoR mutant proteins were
intrinsically unstable, then their stability would not be influenced by exoS overexpression.
However, if the ExoR mutants were destabilized due to a reduced affinity for ExoS, then
overexpression of exoS might help stabilize the mutant ExoR proteins by increasing the
amount of mutant ExoR associated with ExoS. We found that exoS overexpression
dramatically stabilized the ExoR mutant proteins (Fig. 8C). Overexpression of exoS resulted
in a subtle but reproducible increase in the amount of ExoS that coimmunoprecipitated with
the mutant ExoR proteins (not shown). Together, the stabilization of the ExoR protein by
overexpression of exoS, the increase in ExoR-ExoS binding by overexpression of exoS, and
the destabilization of ExoR mutant proteins that bind poorly to ExoS, indicate that physical
interaction with ExoS stabilizes the ExoR protein.

Discussion
Previously, exoR was shown to interact genetically with exoS/chvI and to encode a
periplasmic protein (Wells et al., 2007). Two models consistent with those results were that
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ExoR negatively regulates ExoS/ChvI activity by binding to ExoS in the periplasm, or that
ExoR acts in a parallel pathway apart from ExoS/ChvI. Here, we have demonstrated a
physical interaction between the ExoR and ExoS proteins by showing that ExoS associates
with ExoR immunoprecipitated from extracts of S. meliloti. Importantly, the ExoR-ExoS
coimmunoprecipitation is disrupted by specific point mutations in the Sel1 repeat region of
ExoR that show increased ExoS/ChvI activity. Furthermore, the ExoR protein is stabilized
by its interaction with ExoS, since overexpression of ExoS both stabilizes ExoR and
increases the proportion of ExoR bound to ExoS, and ExoR point mutations that disrupt this
binding destabilize ExoR. Together, these results support the model that ExoR binds to
ExoS in the periplasm of S. meliloti to inhibit ExoS/ChvI signaling.

Our findings suggest that ExoR represents a new type of bacterial two-component system
inhibitor. Only a few periplasmic proteins that inhibit sensor kinases have been described,
including CpxP in E. coli and YycH and YycI in B. subtilis. CpxP inhibits the CpxA/CpxR
two-component system that regulates gene expression in response to extracytoplasmic stress
in E. coli (Raivio and Silhavy, 2001). CpxP has been proposed to act as an adapter that binds
to and is degraded with misfolded protein substrates in the periplasm (Isaac et al., 2005).
YycH and YycI are membrane proteins that are believed to act together to inhibit the
essential YycG/YycF two-component system regulating cell division and cell wall
homeostasis in the gram-positive periplasm of B. subtilis (Fukuchi et al., 2000; Howell et
al., 2003; Szurmant et al., 2007). Unlike these inhibitors, ExoR contains Sel1-like repeats,
which are predicted to form antiparallel α-helix/α-helix hairpins and mediate protein-protein
interactions (Mittl and Schneider-Brachert, 2007), and ExoR shares no similarity with these
other two-component system inhibitors. Thus, ExoR is likely to utilize a novel mechanism
for inhibition of ExoS/ChvI two-component signaling (see below). ExoR is highly
conserved in α-proteobacteria family members in the order Rhizobiales, including the
Rhizobiaceae, Bradyrhizobiaceae, Brucellaceae, and Bartonellaceae, and some ExoR
homologs are also found outside of the Rhizobiales, in the Rhodobacterales and
Rhodospirillales. Therefore, the role of ExoR as an inhibitor of two-component signaling
may be conserved in a large number of α-proteobacteria.

We have also isolated and characterized new exoR reduced function and exoS gain of
function alleles. To date, most studies of exoR and exoS utilized transposon or other
insertion mutations, such as exoR95::Tn5 and exoS96::Tn5. The exoS96 mutant, with Tn5
inserted just before the first transmembrane domain of ExoS, is particularly intriguing. The
ExoS96 protein lacks most of the first transmembrane domain since its translation is thought
to begin at an internal ATG codon (Cheng and Walker, 1998b). Although the ExoS96
protein is expressed at levels about 10-fold lower than wild-type ExoS, the mutation behaves
like a constitutively active allele but is recessive (Cheng and Walker, 1998b). In contrast, the
ExoS(I87V) and ExoS(G268S) proteins described here are expressed at levels similar to
wild-type ExoS (not shown), and the mutations are partially dominant, as expected for gain
of function mutations (Table 2). Since these ExoS mutant proteins coimmunoprecipitated
with ExoR as well as wild-type ExoS, these mutations likely alter the regulation of ExoS at a
step downstream of ExoR binding. Two possibilities are that the mutations affect
transduction of the ExoR binding signal to the cytoplasmic transmitter domain of ExoS or
that they somehow alter ExoS structure to increase its kinase activity or decrease its
phosphatase activity. We found that, upon exoR overexpression, PexoY::GUS transcription
decreased by about 65% in the exoS(I87V) mutant but only about 20% in the exoS(G268S)
mutant (not shown). These data indicate that exoS(G268S) has a more severe defect in the
transduction of the ExoR signal than exoS(I87V). Elucidation of the structure of ExoS would
provide additional clues as to how amino acids 87 and 268 participate in regulating ExoS
function.
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The identification of suppressor mutations in the Sel1-like repeat region of ExoR and the
disruption of ExoS binding by the exoR(S156Y) and exoR(G76C) mutations suggest a simple
model in which the Sel1-like repeat region of ExoR interacts with ExoS. Alternatively, it is
possible that the ExoR-ExoS interaction is indirect and that the Sel1-like repeat region of
ExoR may be important for binding to an adaptor protein that binds and modulates ExoS
activity. We were surprised to find that the supr1, supr4, supr5, and supr8 mutants,
containing mutations in exoR, grew extremely poorly when chvI(K214T) was complemented
by wild-type chvI on a low-copy plasmid, since previous reports indicated that exoR is not
an essential gene (Reed et al., 1991; Quester and Becker, 2004). We are currently
characterizing these suppressor strains further and investigating why these mutants grow
poorly in the presence of wild-type chvI.

We have found that ExoS/ChvI positively controls the transcription of its own negative
regulator, ExoR. Overexpression of exoS increased exoR transcription slightly, and the
exoR(S156Y) and exoR(G76C) mutations that increase ExoS/ChvI activity also increased
exoR transcription (Table 4). As an inhibitor of a sensor kinase, it is not surprising that exoR
would be controlled both transcriptionally and post-translationally to allow S. meliloti to
modulate ExoS/ChvI activity in response to changes in the growth environment. An
attractive possibility is that ExoR might be regulated at still another level. For example,
binding of a signaling molecule to ExoR could induce a conformational change in ExoR to
regulate ExoS/ChvI activity. It has been suggested that ExoR is involved in sensing
ammonia and calcium since, unlike wild-type, the exoR95 mutant fails to exhibit increased
succinoglycan production in medium lacking ammonia or CaCl2 (Doherty et al.,
1988;Keating, 2007). However, Ozga et al. (1994) challenged the suggestion that ExoR was
an ammonia sensor since responsiveness of the exoR95 mutant to ammonia could be
restored by an unidentified suppressor mutation linked to the exoS region.

ExoS/ChvI is essential both for the viability of free-living S. meliloti and for the
establishment of symbiosis. Functions regulated by ExoS/ChvI include exopolysaccharide
production, biofilm formation, motility, and nutrient utilization (Yao et al., 2004; Fujishige
et al., 2006; Wells et al., 2007). We performed the suppressor screen described here with the
intent of identifying transcriptional targets of ExoS/ChvI that mediated these pleiotropic
functions. The isolation of only exoS or exoR mutations as suppressors of chvI(K214T) in
this study is consistent with the results of other genetic screens we have performed with
chvI(K214T) and exoR95::Tn5. With the exception of one suppressor, which we believe has
an indirect effect (Chen and Long, in preparation), all of the mutations isolated have mapped
to the exoR or chvI-exoS loci. Although the screens were not saturating, these results
indicate that ExoR, ExoS, and ChvI are the key players in this signaling pathway. We are
currently investigating potential target genes to understand the role of ExoS/ChvI in both
free-living and symbiotic S. meliloti.

Experimental Procedures
Strains, media, growth conditions, and genetic techniques

All strains in this study (Table 5) are in the Rm1021 background (Sm-resistant derivative of
wild-type strain SU47; used for genome sequencing (Galibert et al., 2001)) and were grown
at 30°C. S. meliloti strains were grown in TY medium (Barnett et al., 2004), LB medium,
M9 sucrose (Meade and Signer, 1977) or SMM sucrose without thiamine (Griffitts and
Long, 2008), as noted. Calcofluor white M2R (Sigma) was filter sterilized and added to a
final concentration of 0.02% in LB Agar media (Leigh et al., 1985). Antibiotics were used at
the following concentrations: streptomycin (Sm), 500 ug/ml; neomycin (Nm), 50 ug/ml;
hygromycin (Hg), 50 ug/ml; spectinomycin (Sp), 50 ug/ml; tetracycline (Tc), 10 ug/ml;
gentamicin (Gm), 25 ug/ml for S. meliloti (5 ug/ml for E. coli); ampicillin (Ap), 100 ug/ml;
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and chloramphenicol (Cm), 50 ug/ml. All E. coli plasmids were maintained in DH5α.
Plasmids were transferred from E. coli to S. meliloti by triparental conjugation using the
helper plasmid pRK600 (Finan et al., 1986). N3 phage transduction was performed as
described (Martin and Long, 1984). Nodulation assays with alfalfa (Medicago sativa
GT13Rplus) were performed as described (Oke and Long, 1999), on nitrogen-free BNM
medium (Ehrhardt et al., 1992) with 1mM of the ethylene inhibitor aminoisobutyrate
(Sigma).

Isolation of mutations that suppress the chvI(K214T) growth defect on TY
Transposon mutagenesis was performed by conjugation of the Tn5 delivery plasmid,
pRK602 (Glazebrook and Walker, 1991), into S. meliloti EC69 chvI(K214T). 4000
transconjugants were selected on M9 sucrose Nm Hg, then replica-plated onto TY Nm Hg.
Eight strains that grew on TY were purified. Re-transduction of Tn5 insertions into EC69, to
test for linkage of the suppressor phenotype to the chvI(K214T) growth defect on TY,
indicated that the suppressor strains contained spontaneous mutations. Sequencing of the
exoS genomic region was performed for all strains except supr6 and 7, and sequencing of
the exoR genomic region was performed for all strains except supr2. Genomic exoS and
exoR were PCR amplified using Platinum Taq High Fidelity Polymerase (Invitrogen) and
sequenced. Since each of the mutations, except for supr2, resulted in the gain or loss of a
convenient restriction site compared to wild-type, restriction digests were used to confirm
the presence of the mutations identified by sequencing.

The suppressor strains isolated in the above screen were already marked with Tn5 and
integrated pDW33 [marking hisB ∼10kb away from chvI(K214T) and exoS]. Therefore, to
characterize the phenotypes of the exoS(I87V), exoS(G268S), exoR(S156Y), and exoR(G76C)
mutations in a wild-type background, we used site-directed mutagenesis and gene
replacement to construct strains EC429, EC402, EC400, and EC401. Site-directed
mutagenesis of pEC124 (contains full-length exoS in pCR2.1-TOPO) and pDW84 (contains
full-length exoR in pCR2.1-TOPO) was performed using the Quikchange protocol
(Stratagene). Inserts were sequenced to ensure the presence of the site-directed mutation and
the fidelity of PCR amplification, then ligated into the sacB plasmid pJQ200SK (Quandt and
Hynes, 1993) and introduced into Rm1021 S. meliloti. Replacement of chromosomal exoS or
exoR by a given mutant allele was performed by first selecting for integration of the plasmid
on TY Sm Gm, then counterselecting for the plasmid on TY Sm + 5% sucrose. Strains in
which the desired double recombination event had occurred, resulting in replacement of the
wild-type allele with the mutant allele, were verified by PCR, restriction digest (or
sequencing, for supr2), and sensitivity to Gm.

Construction of GUS transcriptional fusion strains and β-glucuronidase assays
The PexoY::GUS fusion was constructed by PCR amplifying the entire 773 bp region
upstream of the exoY open reading frame (ORF) with flanking SpeI/XhoI sites and ligating
into pDW33, creating pEC339. Conjugation of pEC339 into S. meliloti resulted in
integration of the PexoY::GUS transcriptional fusion, followed by PexoY and the intact exoY
gene in the genome of S. meliloti. The PexoR::GUS fusion was constructed by amplifying the
374 bp region upstream of the exoR ORF with flanking BamHI/XbaI sites and ligating into
pVO155, creating pEC417. Conjugation of pEC417 into S. meliloti resulted in insertion of
the PexoR::GUS transcriptional fusion followed by PexoR and the intact exoR gene in the
genome of S. meliloti.

Since the original chvI(K214T) strain (EC69) is marked with Hgr by integration of pDW181
at hisB (∼10 kb away from the chvI locus), a new chvI(K214T) strain that lacked GUS was
constructed for the PexoY::GUS fusion assays. pDW181 was digested with HindIII/XhoI to
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release the hisB fragment (contains 443 bp upstream of the translational start through 144 bp
of the hisB ORF), which was ligated into pMB439, a Spr pBluescript derivative, to generate
pEC406. Using the method previously described for generating EC69 (Wells et al., 2007),
pEC406 was used to generate EC412, a chvI(K214T) strain marked with Spr.

Log-phase cultures were assayed for β-glucuronidase activity as previously described
(Swanson et al., 1993).

Construction of tagged ExoS and ExoR
To tag ExoS at the N-terminus, site-directed mutagenesis (Quikchange; Stratagene) of
pEC124 was used to insert an NheI site immediately after the TTG annotated as the start
codon for exoS in the S. meliloti genome database, creating pEC126. Initially, a single myc
tag was inserted in the NheI site, but 1xmyc-ExoS in S. meliloti could not be detected by
immunoblot. Eight tandem myc sequences with flanking NheI sites were PCR amplified
using pFA6a-13Myc-kanMX6 as a template (Longtine et al., 1998). 8xmyc was ligated into
the NheI site of pEC126 to create pEC187, and the plasmid was verified by sequencing. The
8xmyc-exoS construct was ligated into pJQ200SK and transferred into S. meliloti via
conjugation. Replacement of exoS by 8xmyc-exoS was performed by first selecting for
integration of the plasmid on LB medium with Gm, then counterselecting for the plasmid on
medium with 5% sucrose. Gene replacement of untagged exoS by 8xmyc-exoS was verified
by PCR using flanking primers. The resulting strains had the exoS ORF precisely replaced
by 8xmyc-exoS, which was expressed from the native exoS promoter in the chromosome.
Strains were tested for wild-type function by streaking onto LB calcofluor media and by
nodulation assays with alfalfa.

To tag ExoR at the C-terminus, for all of the exoR-V5 strains generated during this study
(Table 5), the exoR-V5 allele from DW650 (with 374 bp upstream of the exoR translational
start through stop) was PCR amplified and cloned into pJQ200SK. ExoR-V5 from DW650
was previously shown to be fully functional (Wells et al., 2007). Since DW650 contains
integrated pDW230, the exoR-V5 allele in DW650 is followed immediately by the uidA gene
as well as the rest of the pDW33 backbone. To provide downstream region of the exoR gene
to facilitate gene replacement via double crossover, the 785 bp downstream of the exoR
translational stop was PCR amplified from genomic DNA and subcloned into the pJQ200SK
vector after the exoR-V5 ORF. The exoR(S156Y)-V5 and exoR(G76C)-V5 tagged mutants
were generated using Quikchange site-directed mutagenesis (Stratagene). All constructs
were verified by sequencing. Gene replacement of exoR with exoR-V5 (or exoR-V5 mutant
alleles) was performed as described for 8xmyc-exoS, above.

Overexpression of exoS
The exoS overexpression plasmid pEC267 was constructed by ligating the exoS gene
(including 403 bp upstream of exoS) with flanking NsiI/MluI sites into the pRF771 low-
copy plasmid containing the strong constitutive trp promoter. The plasmid was verified by
sequencing. The 8xmyc-exoS overexpression plasmid pEC491 was constructed by ligating
the XbaI/BamHI fragment containing 8xmyc-exoS from pEC187 into pRF771.
Overexpression plasmids were introduced into S. meliloti via conjugation.

Preparation of total cell extracts and immunoblotting
Total cell extracts for immunoblotting in Fig. 6A were prepared by harvesting cells from 1
OD600 of log-phase culture, suspending in 0.1 ml SDS-PAGE sample buffer, and heating to
100°C for 5 min. 0.12 OD600 cell equivalent was loaded per lane, and proteins were
resolved by SDS-PAGE. Proteins were transferred to nitrocellulose membrane (Whatman)
via semi-dry transfer (Bio-Rad). Antibodies used were anti-V5 monoclonal (Invitrogen),

Chen et al. Page 10

Mol Microbiol. Author manuscript; available in PMC 2009 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



anti-ExoS polyclonal, mouse anti-rabbit IgG-HRP (Pierce), and goat anti-mouse IgG-HRP
(Pierce). The anti-ExoS polyclonal antibody was generated against an S-tag fusion (in
pET29; Novagen) to the periplasmic domain of ExoS (amino acids 69-277; pDW246). In E.
coli strain BL21 DE3, the fusion protein was expressed in inclusion bodies, which were
purified by SDS-PAGE for antibody generation (Covance).

Co-immunoprecipitation experiments
Cells (5 OD600 equivalents) from log-phase cultures in TY medium were harvested by
centrifugation at 6500× g, and washed once in TY medium lacking CaCl2. All of the
following steps were performed on ice or at 4°C. Cells were incubated in 0.9 ml lysis buffer
(50 mM Tris-HCl pH 8.0, 100 mM NaCl, 20% glycerol) with 0.1 mg/ml lysozyme and a
protease inhibitor cocktail for 6xHis proteins (Sigma) for 20 min, vortexing occasionally.
Octyl β-D-glucopyranoside (Sigma) was added to 1% and samples were vortexed and
incubated for 5 min until cells lysed and samples cleared. MgCl2 was added to 2 mM, and
2.5 U of Benzonase (Novagen) was added per tube and incubated 5 min to degrade DNA
and decrease the viscosity of the extracts. Lysates were cleared by centrifugation at 13,000x
g for 10 min, and supernatants were precleared by incubation with 25 ul Protein A agarose
50% (v/v) slurry (Pierce) for 30 min. Protein A agarose was pelleted by centrifugation at
13,000x g for 10 min. For the total cell lysate samples, proteins from 50 ul of the precleared
supernatant were precipitated with 0.015% sodium deoxycholate and 7.2% trichloroacetic
acid, washed in acetone, and suspended in SDS-PAGE sample buffer. For the
immunoprecipitations, 0.75 ml of the precleared supernatant was incubated with 1 ul
monoclonal anti-V5 antibody (Invitrogen) and 25 ul Protein A agarose for 4 h.
Immunoprecipitates were washed once with lysis buffer + 1% octyl β-D-glucopyranoside,
twice with lysis buffer + 0.5% octyl β-D-glucopyranoside, and once with detergent-free lysis
buffer. Immunoprecipitates were solubilized by boiling in sample buffer for 5 min and
resolved by SDS-PAGE. Antibodies used for immunoblotting were monoclonal anti-V5
(Invitrogen) and rabbit anti-myc (Santa Cruz Biotechnology). Immunoblots were imaged on
a Kodak Imagestation 4000R and signal quantitation was performed using Kodak Molecular
Imaging Software (Carestream Health).

Pulse-chase experiments
Cells were grown to mid-log phase (∼0.5-0.7 OD600/ml) in SMM minimal medium without
thiamine (Griffitts and Long, 2008). Cells were pulsed with [35S]-methionine (20 μCi/ml)
for 5 min, then chased with 0.25 mM methionine (a 10,000-fold excess of unlabeled
methionine) and 0.25 mM cysteine. 1 ml of culture was withdrawn at the indicated
timepoints, and cells were washed with ice-cold TEN buffer (10 mM Tris pH 8.0, 1 mM
EDTA pH 8.0, 0.2% NaN3). Cells were suspended in 50 μl TES buffer (10 mM Tris pH 8.0,
1 mM EDTA pH 8.0, 1% SDS) and boiled for 10 min to lyse cells and denature proteins.
Extracts were diluted with 1 ml of IP buffer (50 mM Tris pH 7.5, 150 mM NaCl, 1% Triton
X-100) with a protease inhibitor cocktail (Sigma). Extracts were cleared by centrifugation at
13,000x g for 5 min, then supernatants were precleared by incubation with 25 ul Protein A
agarose 50% (v/v) slurry (Pierce) for 20 min at 4°C. Protein A agarose was pelleted by
centrifugation at 13,000x g for 5 min. Precleared extracts were incubated with 1 ul
monoclonal anti-V5 antibody and 25 ul Protein A agarose for 4 h. Immunoprecipitates were
washed three times with IP buffer and one time with detergent-free IP buffer.
Immunoprecipitates were boiled in sample buffer for 5 min and resolved by SDS-PAGE.
Autoradiography and signal quantitation was performed with a Cyclone phosphorimaging
system and Optiquant software (Packard).
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Figure 1. Identification of mutations that suppress the chvI(K214T) growth defect on TY medium
Wild-type (EC176), the chvI(K214T) parent strain (EC69), and the chvI(K214T) strains
containing the indicated suppressor mutations were streaked onto TY medium and incubated
at 30°C for 3 days.
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Figure 2. Location of exoR and exoS mutations in the supr strains
Black boxes represent a signal sequence (for ExoR) or predicted transmembrane domains
(for ExoS). Grey boxes represent conserved protein domains as follows: SEL=Sel1-like
repeats; HAMP=HAMP domain present in histidine kinases, adenylyl cyclases, methyl-
accepting proteins, and phosphatases (Aravind and Ponting, 1999); HISK A= Histidine
Kinase domain A; HATPase=Histidine kinase-like ATPase. See Table 1 and the text for
more details.
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Figure 3. The succinoglycan overproduction phenotype of the exoS(I87V), exoS(G268S),
exoR(S156Y), and exoR(G76C) mutants is suppressed by the chvI(K214T) partial loss of function
mutation
Strains [WT (Rm1021), exoS(I87V) (EC429), exoS(G268S) (EC402), exoR(S156Y) (EC400),
exoR(G76C) (EC401), chvI(K214T) (EC412), exoS(I87V) chvI(K214T) (EC465),
exoS(G268S) chvI(K214T) (EC466), exoR(S156Y) chvI(K214T) (EC467), or exoR(G76C)
chvI(K214T) (EC468)] were streaked onto LB plates containing 0.02% calcofluor, incubated
at 30°C for 4 days, and photographed with UV or visible light.
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Figure 4. ExoR associates with Exos
A wild-type strain containing 8xmyc-Exos and Exor-V5 (EC444; lane 1) or 8xmyc-ExoS
and untagged ExoR (EC241; lane 2), each expressed from their native promoters in the
chromosome, were grown in TY medium plus antibiotics. Anti-V5 immunoprecipitates (A)
or total cell lysates (B) were subjected to SDS-PAGE and western blotting with either anti-
myc polyclonal or anti-V5 monoclonal antibody. Arrowheads indicate mature ExoR. The
faint band in the anti-V5 western panel in lane 2 of (A), which is not present in (B), is the
light chain of the antibody used for immunoprecipitation.
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Figure 5. The ExoR mutations disrupt the association with ExoS
Strains expressed either V5-tagged wild-type or mutant ExoR (WT, EC444, lane 1; S156Y,
EC433, lane 3; G76C, EC446, lane 5) or untagged wild-type or mutant ExoR (WT, EC241,
lane 2; S156Y, EC469, lane 4; G76C, EC470, lane 6). All strains expressed 8xmyc-ExoS,
and all tagged constructs were expressed from their native promoters in the chromosome.
Strains were grown in TY medium plus antibiotics. Anti-V5 immunoprecipitates (A) or total
cell lysates (B) were subjected to SDS-PAGE and western blotting with either anti-myc
polyclonal or anti-V5 monoclonal antibody. Arrowheads indicate mature ExoR. The faint
band in the anti-V5 western panel in lane 2, 4, and 6 of (A) is the light chain of the antibody
used for immunoprecipitation.
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Figure 6. ExoR steady-state levels and stability increase upon overexpression of ExoS
(A) Total cell extracts from wild-type (EC443) containing pRF771 only (lane 1) or pRF771-
exoS (pEC267; lane 2), were subjected to SDS-PAGE and immunoblotting with anti-ExoS
or anti-V5 antibody. (B) Wild-type (DW650) containing pRF771 vector only (lanes 1-5) or
pEC267 (lanes 6-10) was pulsed with [35S]-methionine, then chased with excess unlabelled
methionine. Samples were collected 0, 1, 2, 3, and 4 h after the addition of the chase, and
anti-V5 immunoprecipitates were subjected to SDS-PAGE and autoradiography. (C)
Quantitation of ExoR-V5 protein (precursor + mature) in (B), normalized to the amount
present at time=0 for each strain.

Chen et al. Page 20

Mol Microbiol. Author manuscript; available in PMC 2009 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 7. Overexpression of exoS increases the amount of ExoS associated with ExoR
All strains have chromosomal exoS tagged with myc. In addition, strains contain pRF771
vector only (lane 2) or myc-exoS expressed from the constitutive trp promoter in pRF771
(pEC491; lanes 1 and 3). exoR is expressed from its native promoter in the chromosome and
is either untagged (lane 1) or V5-tagged (lanes 2 and 3). Anti-V5 immunoprecipitates (A) or
total cell lysates (B) from EC457 (lane 1), EC475 (lane 2), and EC476 (lane 3), were
subjected to SDS-PAGE and western blotting with either anti-myc polyclonal or anti-V5
monoclonal antibody. Arrowheads indicate mature ExoR. The faint band in the anti-V5
western panel in lane 1 of (A) is the light chain of the antibody used for
immunoprecipitation.
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Figure 8. The S156Y and G76C mutations destabilize ExoR
(A) Wild-type exoR-V5 (EC443, lanes 1-4), exoR(S156Y)-V5 (EC432, lanes 5-8), and
exoR(G76C)-V5 (EC445, lanes 9-12) were pulsed with [35S]-methionine, then chased with
excess unlabelled methionine. Samples were collected 0, 1, 2, and 3 h after the addition of
the chase, and anti-V5 immunoprecipitates were subjected to SDS-PAGE and
autoradiography. (B) Quantitation of ExoR-V5 protein (precursor+mature) in (A),
normalized to the amount present at time=0 for each strain. (C) Same as (A), except all
strains contained pEC267 for overexpression of exoS.
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Table 1

Sequence analysis of mutations in the chvI(K214T) suppressor strains

Mutant Locus Base change Result

supr1 exoR deletion (C) at 482 frameshift from aa 161 onward

supr2 exoS A-->G at 259 I87V

supr3 exoS G-->A at 802 G268S

supr4 exoR insertion at -177 before ATG ISRm2011-2/ISRm11 insertion

supr5 exoR insertion (G) after 669 frameshift from aa 224 onward

supr6 exoR C-->A at 467 S156Y

supr7 exoR G-->T at 226 G76C

supr8 exoR G-->C at 367 A123P
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Table 2

β-glucuronidase activity of strains containing a PexoY-GUS transcriptional fusion

Genotype
Activity

(Miller units)
Normalized to

appropriate WT control

WT 5.2 ± 0.2 1.0

exoS(I87V) 55.2 ± 1.0 10.7

exoS(G268S) 57.1 ± 9.6 11.0

exoR(S156Y) 64.2 ± 5.5 12.4

exoR(G76C) 67.2 ± 11.5 13.0

chvI(K214T) 2.3 ± 0.2 0.4

chvI(K214T) exoS(I87V) 5.9 ± 0.7 1.1

chvI(K214T) exoS(G268S) 4.4 ± 0.4 0.8

chvI(K214T) exoR(S156Y) 6.5 ± 0.4 1.3

chvI(K214T) exoR(G76C) 6.6 ± 0.6 1.3

WT + pexoS 3.9 ± 0.5 1.0

exoS(I87V) + pexoS 11.9 ± 1.8 3.1

exoS(G268S) + pexoS 10.2 ± 0.2 2.6

WT + pexoR 2.8 ± 0.4 1.0

exoR(S156Y) + pexoR 2.6 ± 0.7 0.9

exoR(G76C) + pexoR 3.4 ± 0.4 1.2

All normalizations are to WT except for strains with pexoS (normalized to WT + pexoS) and strains with pexoR (normalized to WT + pexoR).
Means and standard deviations are shown for two independent cultures grown in LB and assayed in duplicate for each genotype. The experiment
was performed three times with similar results. All strains contained integrated PexoY::uidA (pEC339). pexoS (pEC70) and pexoR (pDW85) are
low-copy plasmids with exoS or exoR expressed from its native promoter.
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Table 4

β-glucuronidase activity of strains containing a PexoR-GUS transcriptional fusion

Genotype Plasmid Activity
(Miller units)

Normalized to
appropriate WT control

WT pRF771 26.6 ± 1.6 1.0

WT pRF771-exoS 43.4 ± 0.6 1.6

WT - 20.6 ± 1.0 1.0

exoR(S156Y) - 108.2 ± 4.0 5.2

exoR(G76C) - 153.5 ± 9.8 7.4

Normalization to the appropriate wild-type strain is shown. Means and standard deviations are shown for two independent transconjugants of each
strain grown in TY and assayed in duplicate. The experiment was performed 3 times with similar results. All strains [WT (Rm1021), exoR(S156Y)
(EC400), and exoR(G76C) (EC401)] contained integrated PexoR::uidA (pEC417).
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Table 5

Strains and plasmids

Straina or
plasmid

Genotype or relevant characteristics Source or reference

Rm1021 derivative of RCR2011, Sm (Meade et al., 1982)

DW650 exoR-V5 (integrated pDW230), Str Hyg (Wells et al., 2007)

EC69 chvI(K214T) (integrated pDW181), Str Hyg (Wells et al., 2007)

EC176 PhisB::uidA (integrated pDW181), Str Hyg (Wells et al., 2007)

EC241 8xmyc-exoS, Str This study

EC400 exoR(S156Y), Str This study

EC401 exoR(G76C), Str This study

EC402 exoS(G268S), Str This study

EC412 chvI(K214T) (integrated pEC406), Str Sp This study

EC429 exoS(I87V), Str This study

EC432 exoR(S156Y)-V5, Str This study

EC433 exoR(S156Y)-V5 8xmyc-exoS, Str This study

EC443 exoR-V5, Str This study

EC444 exoR-V5 8xmyc-exoS, Str This study

EC445 exoR(G76C)-V5, Str This study

EC446 exoR(G76C)-V5 8xmyc-exoS, Str This study

EC457 EC241 + pEC491, Str Tc This study

EC465 exoS(I87V) chvI(K214T) (integrated pEC406), Str Sp This study

EC466 exoS(G268S) chvI(K214T) (integrated pEC406), Str Sp This study

EC467 exoR(S156Y) chvI(K214T) (integrated pEC406), Str Sp This study

EC468 exoR(G76C) chvI(K214T) (integrated pEC406), Str Sp This study

EC469 exoR(S156Y) 8xmyc-exoS, Str This study

EC470 exoR(G76C) 8xmyc-exoS, Str This study

EC475 EC444 + pRF771, Str Tc This study

EC476 EC444 + pEC491, Str Tc This study

pDW33 identical to pVO155, Ap Hg (Cronan and Keating, 2004)

pDW76 Low copy broad host range cloning vector, Tc (Wells and Long, 2002)

pDW85 PexoR and exoR in pDW76, Tc This study

pDW181 PhisB::uidA in pDW33, Ap Hg (Wells et al., 2007)

pDW230 ExoR (C-term)::V5 in pDW33, Ap Hg (Wells et al., 2007)

pEC70 PexoS and exoS in pDW76, Tc This study

pEC267 exoS in pRF771, Tc This study

pEC339 PexoY in pDW33 for PexoY::GUS fusions, Ap Hg This study

pEC406 PhisB in pMB439, Ap Sp This study

pEC417 PexoR in pVO155 for PexoR::GUS fusions, Ap Nm/Km This study

pEC491 8xmyc-exoS in pRF771, Tc This study

pJQ200SK suicide vector with sacB for gene replacements, Gm (Quandt and Hynes, 1993)

pMB439 pBluescriptSK- derivative with Spr cassette, Ap Sp (Barnett et al., 2000)
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Straina or
plasmid

Genotype or relevant characteristics Source or reference

pRF771 Ptrp and extended polylinker in pTE3, Tc (Wells and Long, 2002)

pRK600 Conjugal transfer helper plasmid, Cm (Finan et al., 1986)

pRK602 pRK600 ΩTn5 (Leigh et al., 1985)

pVO155 terminator and polylinker preceding uidA in pUC119 derivative, Ap Nm/Km (Oke and Long, 1999)

a
All strains are in the Rm1021 background
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