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Abstract

Bacteria use quorum sensing to coordinate adaptation properties, cell fate or commitment
to sporulation. The infectious cycle of Bacillus thuringiensis in the insect host is a powerful
model to investigate the role of quorum sensing in natural conditions. It is tuned by commu-
nication systems regulators belonging to the RNPP family and directly regulated by re-inter-
nalized signaling peptides. One such RNPP regulator, NprR, acts in the presence of its
cognate signaling peptide NprX as a transcription factor, regulating a set of genes involved
in the survival of these bacteria in the insect cadaver. Here, we demonstrate that, in the
absence of NprX and independently of its transcriptional activator function, NprR negatively
controls sporulation. NprR inhibits expression of SpoOA-regulated genes by preventing the
KinA-dependent phosphorylation of the phosphotransferase SpoOF, thus delaying initiation
of the sporulation process. This NprR function displays striking similarities with the Rap pro-
teins, which also belong to the RNPP family, but are devoid of DNA-binding domain and
indirectly control gene expression via protein-protein interactions in Bacilli. Conservation of
the Rap residues directly interacting with SpoOF further suggests a common inhibition of the
sporulation phosphorelay. The crystal structure of apo NprR confirms that NprR displays a
highly flexible Rap-like structure. We propose a molecular regulatory mechanism in which
key residues of the bifunctional regulator NprR are directly and alternatively involved in its
two functions. NprX binding switches NprR from a dimeric inhibitor of sporulation to a tetra-
meric transcriptional activator involved in the necrotrophic lifestyle of B. thuringiensis. NprR
thus tightly coordinates sporulation and necrotrophism, ensuring survival and dissemination
of the bacteria during host infection.

Author Summary

Bacillus thuringiensis is an entomopathogenic bacterium used worldwide as biopesticide.
Its life cycle in insect larvae, which includes virulence, necrotrophism and sporulation, is
regulated by cell-cell communication systems involving sensor proteins directly regulated
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by re-internalized peptide pheromones. After toxaemia caused by pore-forming Cry tox-
ins, the PIcR sensor activates the production of virulence factors leading to insect death. B.
thuringiensis then shifts to a necrotrophic lifestyle preceding sporulation. Previously, we
showed that this process is regulated by the sensor NprR, which, in the presence of its cog-
nate signaling peptide NprX, adopts a tetrameric conformation allowing its binding to spe-
cific DNA sequences and transcription of genes involved in survival of the bacteria in
insect cadavers. Here, we demonstrate that, in the absence of NprX, NprR is a dimer,
which negatively controls sporulation, independently of its transcription factor activity.
We show that NprR prevents the phosphorylation of the phosphoprotein SpoOF and
inhibits the phosphorylation cascade regulating sporulation. This demonstrates that NprX
binding switches the bifunctional sensor NprR from a dimeric sporulation inhibitor to a
tetrameric transcription factor. By establishing a close coordination between cell density,
necrotrophism and sporulation, this communication system benefits a pathogenic bacte-
rium feeding on death matter like B. thuringiensis. NprR is found in all strains of the

B. cereus group, including B. anthracis and B. cereus involved in food poisoning. Our
results may provide new insights for controlling the development and the survival of these
undesirable bacteria.

Introduction

Sporulating bacteria have developed a number of sophisticated mechanisms devoted to the
temporal and spatial coordination of cell fate and gene expression. Regulatory mechanisms, as
two-component systems, contribute to maintain this tight coordination by tuning gene expres-
sion and protein activation in response to a large variety of environmental stimuli including
nutrient limitation and population density [1]. In Gram-positive bacteria, quorum sensing is a
mode of cell-cell communication involving the secretion of diffusible signaling peptides recog-
nized by the responder bacteria [2, 3]. These peptides elicit a response either directly, by bind-
ing to effector proteins or indirectly, by triggering a two-component phosphorelay.

The effectors of direct quorum-sensing systems are grouped in the RNPP protein family
[4] named according to the first identified members: the Rap proteins of Bacillus subtilis
[5, 6], the NprR and the PIcR transcriptional activators of Bacillus cereus and B. thuringiensis
[7, 8] and the Enterococcus faecalis sex pheromone receptor PrgX [9, 10]. Recently the RNPP
family was extended with the characterization of a new member identified in Streptococci,
the SHP pheromone receptor Rgg [11]. These regulators are characterized by a conserved
peptide-binding domain consisting of 6 to 9 copies of tetratricopeptide repeats (TPRs). Indi-
vidual TPR motifs are degenerated sequences of ~34 residues composed of two anti-parallel
o-helices. Their assembly results in a right-handed superhelix creating the peptide-binding
pocket [12, 13]. Binding of the signaling peptides regulates the activity of their cognate quorum
sensor [8, 10, 14, 15]. Except for the Rap proteins, RNPPs also contain an N-terminal helix-
turn-helix (HTH)-type DNA-binding domain [16] and act as transcriptional regulators. The
Rap proteins bind and regulate target proteins via an N-terminal alpha-helical domain replac-
ing the HTH motif. In the complex with the target protein, this N-terminal domain displays a
3-helix bundle conformation, whereas it forms two additional TPR motifs in the peptide-
bound form [17-20].

Interestingly, NprR contains both the HTH DNA-binding domain and the two Rap-like
additional TPR motifs, and was thus proposed as an evolutionary intermediate in the RNPP
family [4, 8]. We already demonstrated that in the presence of its cognate signaling peptide
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NprX, NprR acts as a major transcriptional regulator. The NprR-NprX complex regulates at
least forty-one genes encoding proteins involved in the necrotrophic lifestyle of Bacillus thurin-
giensis, allowing the bacterium to survive in the insect cadaver [21]. A recent structure-function
analysis demonstrated that the NprR-NprX complex adopts a tetrameric structure, suggesting
that NprR binds simultaneously to two DNA-binding sites [22]. In the absence of bound pep-
tide, NprR dissociates into dimers and loses its ability to bind DNA. Two types of interfaces
respectively involved in dimer and tetramer formation were identified.

The sequence similarity with the Rap proteins led us to hypothesize that the dimeric form of
apo NprR could act as a Rap-like indirect regulator of the sporulation process. The Rap family
has been characterized in B. subtilis and B. anthracis and several members have been shown to
prevent sporulation initiation by stimulating the dephosphorylation of the phosphotransferase
SpoOE-P [5, 23, 24]. This phosphatase activity thus interrupts the phosphorelay regulating
Spo0A, the key transcription factor, which controls early stationary phase and sporulation gene
expression [25, 26].

It has been recently proposed that NprR is a positive activator of sporulation initiation and
that the binding of the signaling peptide NprX activates the sporulation function of NprR [27].
These results, suggesting a different mechanism for Rap and NprR, were very surprising and in
sharp contradiction with our data. As we show here, NprR acts as a Rap phosphatase, nega-
tively affecting the commitment to sporulation in the absence of bound peptide and indepen-
dently of its transcriptional activator function. NprR prevents expression of SpoOA-regulated
genes and delays the initiation of the sporulation process by dephosphorylating SpoOF. In addi-
tion, we show that the dimeric apo form of NprR is highly flexible, as observed in the Rap pro-
teins [18]. Finally, we propose a molecular mechanism for the NprR effect on sporulation. We
explain how NprX binding promotes dissociation of SpoOF, formation of the NprR tetramer
and DNA binding. Taken together, these results thus demonstrate that NprX regulates the
switch from an indirect sporulation inhibitor function to a transcriptional activator function.
By integrating an enzymatic activity and a regulatory function in a single molecule, NprR links
adaptation properties and cell fate, thus allowing an accurate synchronization of important
functions of the cell.

Results

NprR negatively affects sporulation and NprX binding inhibits this
function

In view of the similarity between the NprR and Rap proteins [4, 22], we investigated whether
NprR could play a role in the sporulation process. We compared the sporulation rates of the
parental B. thuringiensis 407 wild-type strain with the NprR/NprX-deficient strain (ARX), the
NprR-deficient strain (AR) and the NprX-deficient strain (AX) (Fig 1). In the growth condi-
tions used in this study (LB medium at 30°C), the ODgq at the onset of stationary phase (t0)
was similar for all the strains (S1 Table). However, the percentage of sporulation of the ARX
mutant strain was lower (46 + 2.6%) than that of the wild type (60 + 1.3%). A similar sporula-
tion rate (48 + 2.8%) was measured in the AR mutant strain demonstrating that NprX alone
does not affect sporulation. In sharp contrast, the sporulation rate of the AX mutant strain was
significantly reduced to 7 + 1.5%, and the total number of viable bacteria of this mutant strain
was 300-fold lower than in the wild-type strain. These results indicate that the significant
proportion of bacteria, which did not enter into the sporulation process was unable to survive
starvation. It results that the production of heat-resistant spores was reduced by 1200- and
2500-fold compared to the ARX and wild-type strains, respectively. These results suggest that
NprR acts like a Rap-like protein negatively affecting sporulation in the absence of NprX
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Fig 1. NprR negatively affects sporulation independently of its transcriptional activator function.
Comparison between the number of viable bacteria (blue bars) and heat-resistant spores (orange bars) after
3 days of growth in LB medium at 30°C. The percentage of sporulation is indicated at the top of histogram
bars. R* refers to the HTH-dead mutant of the protein. Error bars: Standard Error of the Mean (SEM). The
experimental values are given in S1 Table.

doi:10.1371/journal.ppat.1005779.9001

peptide. The sporulation efficacy of a AX strain carrying the X7i gene (designated AX amy::
X71i), which encodes the heptapeptide SKPDIVG corresponding to the minimal active form of
NprX [8] was fully restored when the expression of X7i was induced (Fig 1). These results thus
demonstrate that NprX inhibits the Rap-like function of NprR on sporulation and activates its
transcriptional function.

To determine whether the role of NprR on sporulation is independent of its transcriptional
activator function, we constructed an nprR* gene with a non-functional HTH domain. Based
on the weight matrix established by Dodd and Egan for the evaluation of potential HTH motifs
[28] we introduced the M20A, T21A and Q22A substitutions in the N-terminal HTH domain
of the protein (NprR*). Moreover, sequence alignment with the HTH domain of PIcR and
analysis of the PIcR/DNA interactions (PDB ID 3U3W) [29] showed that the MTQ motif is
conserved and belongs to PIcR helix a2, which interacts with the sugar-phosphate backbone of
the bound DNA, thus participating to stabilization of the complex (S1 Fig). The nprR* and
nprR*-nprX genes were inserted at the amy locus of the ARX mutant and these strains were
designated ARX amy::R* and ARX amy:R*X, respectively. No f3-galactosidase production was
detected in the strain ARX amy::R*X harbouring P,,,,4°z (S2A Fig), thus demonstrating that the
mutations introduced in the HTH domain of the NprR* protein result in the complete loss of
its transcriptional activation function. We then tested the effect of the NprR* protein on sporu-
lation efficiency (Fig 1). As described above for the AX strain, a sporulation-defective pheno-
type was observed with the ARX strain harbouring the nprR* gene (sporulation rate reduced
from 46 + 2.6% to 5 + 0.6%). Moreover, the production of viable spores in the ARX amy::R*
strain was 5-log lower than in the wild-type strain. As with native NprR, the sporulation effi-
ciency of the strain producing NprR* was restored when NprX was produced. Taken together,
these results demonstrate that the NprR protein with a non-functional HTH domain is unable
to activate nprA expression but preserves its negative effect on sporulation in the absence of
NprX. Therefore, the two NprR functions are dissociated: the effect of NprR on sporulation is
not due to a pleiotropic effect of its functions as transcriptional activator.
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NprR prevents expression of SpoOA-regulated genes

The initiation of sporulation is regulated by the phosphorylated state of SpoOA (Spo0OA-P), the
master regulator of sporulation [30]. To determine whether NprR, as the Rap phosphatases in
B. subtilis, affects the phosphorylation of SpoOA in B. thuringiensis, we examined the activity of
the spolIE promoter, known to be under the direct control of SpoOA-P in B. subtilis [31]. A
Spo0A box is present in the spolIE promoter of B. thuringiensis and the spolIE’-lacZ transcrip-
tional fusion was not expressed in a 407 Aspo0A mutant strain (Fig 2A), thus suggesting that
spollE transcription is directly controlled by Spo0A in B. thuringiensis as in B. subtilis. We mea-
sured Py, p-directed f3-galactosidase expression in the wild type, ARX and AX strains. In the
AX strain as in the Aspo0OA mutant strain, no spolIE expression was observed whereas the ARX
mutant behaved as the wild type (Fig 2A), suggesting that NprX inhibits the negative effect of
NprR on spollE expression. We also verified that spolIE expression was inhibited in the ARX
strain complemented with nprR*, and that the spolIE expression pattern was restored when
NprX was produced (Fig 2B). Altogether, these results show that, in the absence of NprX,
NprR inhibits sporulation independently of its transcriptional activator function by negatively
affecting the transcription of SpoOA-regulated genes.

To investigate whether the role of NprR on sporulation depends on the phosphorylated
state of SpoOA we used the Spo0As,46; mutant (designated 0A¢;), which is constitutively active
independent of its phosphorylation state in B. subtilis [32]. Thus, the 0A¢; bypasses the require-
ment of the phosphorelay to trigger sporulation. Due to the high level of conservation between
the B. thuringiensis and B. subtilis spo0OA genes [33], we assumed that such a mutation would
have the same effect in these two Bacillus species. We verified the activity of the 0A¢; protein
by measuring the sporulation efficiency of the Aspo0OA strain harbouring the pHT-0Ag;. In the
Spo0A-deficient strain, no heat-resistant spores were detected and the sporulation phenotype
of the Aspo0A harbouring the pHT-0A4; was partially restored when 0A4; was expressed (Fig

B C
1600 - 1600 - 1,0E409 1 60% 579
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Fig 2. In the absence of NprX, NprR prevents expression of Spo0A-regulated genes. (A) Kinetics of spollE expression. 3-
Galactosidase activity of the strains Bt 407 (wt), Bt ARX, Bt AX and Bt AspoOA harbouring the pHT304.18-spollE’lacZ plasmid. (B) NprR*
lacking a functional HTH domain inhibits spollE transcription. -Galactosidase activity of the strains Bt 407 (wt), Bt ARX amy::R* and Bt
ARX amy::R*X harbouring the pHT304.18-spollE’lacZ plasmid. The bacteria were grown at 30°C in LB medium and time zero was defined
as the onset of the stationary phase. (C) A constitutively active SpoOA initiates sporulation despite the absence of NprX. Comparison
between the number of viable bacteria (blue bars) and heat-resistant spores (orange bars) after 3 days of growth in LB medium at 30°C.
The percentage of sporulation is indicated at the top of histogram bars. Nd: not detected. Error bars: Standard Error of the Mean (SEM).
The experimental values are given in S1 Table.

doi:10.1371/journal.ppat.1005779.9002
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2C). The sporulation rate and the total production of heat-resistant spores were fully restored
in the AX strain harbouring the pHT-0A4; plasmid (Fig 2C). These results show that the 0A4;
protein, which bypasses the requirement of the phosphorelay, is able to trigger sporulation
despite the absence of NprX. These results clearly demonstrate that the inhibition of sporula-
tion by NprR relies on an action on the sporulation phosphorelay.

The sporulation inhibitor activity of NprR relies on SpoOF
dephosphorylation

In order to confirm that NprR acts like a Rap-like protein by targeting the phosphotransferase
SpoOF, we used microscale thermophoresis to test the interaction of NprR with SpoOF from B.
thuringiensis (Fig 3A). Our results confirmed direct binding between NprR and SpoOF with an
apparent Kd value of about 5 uM. This interaction was lost in the presence of NprX, thus dem-
onstrating the specificity of the NprR-SpoOF interaction and the regulatory role of the NprX
peptide. The Rap proteins preferentially bind SpoOF-P and act as phosphatases [5]. Because no
sporulation kinase has been characterized in the B. thuringiensis genome, we used the KinA-S-
poOF system from B. subtilis to test if NprR displays the same mechanism, as already done to
test the activity of Rap proteins from B. anthracis [24]. These results demonstrate that the
KinA-dependent phosphorylation of SpoOF is reduced in the presence of NprR. Indeed, densi-
tometry analysis revealed that, after 20 minutes of incubation in the presence of NprR, the
phosphorylation of SpoOF was at least 3-fold lower compared to the control (band volume
reduced from 64202 to 20287 arbitrary unit). Furthermore, addition of NprX restores the phos-
phorylation signal (Fig 3B). Taken together, these results thus demonstrate that NprR prevents
the phosphotransfer from KinA to SpoOF and that peptide binding inhibits this activity.

In the absence of NprX, apo NprR displays a highly flexible Rap-like
structure

Our previous structural analysis demonstrated that the peptide-bound tetrameric crystal struc-
ture of NprR displayed a compressed conformation of the TPR-superhelix whereas the SAXS
analysis of NprR suggested that the apo dimer would adopt a more extended conformation
similar to the 3-helix bundle conformation of the Rap proteins [22]. To confirm this hypothesis
and go further in the understanding of the sporulation inhibitor function of NprR, we needed
to solve the crystal structure of the protein alone. As already observed in our previous crystalli-
sation trials of the NprR-NprX complex [22], no crystals could be obtained using full-length
NprR. We thus used the truncated NprR(AHTH) form of the protein, deleted of the HTH
domains, which are known to be highly flexible in the absence of DNA. Because crystallisation
trials are performed at very high protein concentration favouring the tetrameric form of NprR,
we also used the (Y223A/F225A) mutant that has been shown to impair tetramer formation
[22]. Crystals were finally obtained with the truncated double mutant protein NprR(AHTH)
(Y223A/F225A). They diffracted up to 3.25A resolution in space group P 21 21 21 with 2 mole-
cules per asymmetric unit. The crystallographic phase problem was solved by the SAD method
using a selenomethionine-labelled form of the protein. Atomic coordinates and structure fac-
tors have been deposited in the Protein Data Bank (PDB ID 5DBK).

In both polypeptide chains contained in the asymmetric unit, the 18 o-helices and the con-
necting loops forming the 9 TPR motifs of NprR are well defined. Only some residues (up to
seven) at the N- and C-terminal extremities of NprR(AHTH) as well as the C-terminal His-tag
were not visible in the electron density. The two subunits (called apoA and apoB) display the
right-handed superhelix conformation characteristic of TPR domains [13]. They are associated
into a stable dimer (Fig 4A) characterized by an overall interface area of 11 13A% and a solvation
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Fig 4. Apo NprR adopts a flexible Rap-like conformation. (A) The crystal structure of the NprR(AHTH)(Y223A/F225A) apo dimer
is shown as cartoon with both subunits coloured as spectrum from blue (Nter) to red (Cter). The side chains of residues N407 and
Y410 from the conserved C-terminal dimerization interface are highlighted by dots and labeled (B) Effect of NprR mutations N407A/
Y410A on sporulation efficiency in the Bt ARX strain. The number of viable bacteria (blue bars) and heat-resistant spores (orange
bars) was determined after 3 days of growth in LB medium at 30°C. The percentage of sporulation is indicated at the top of histogram
bars. Error bars: Standard Error of the Mean (SEM). The experimental values are given in S1 Table. (C) Comparison of NprR-apoA
and NprR-apoB with the closed conformation observed in the NprR-NprX complex (PDB ID 4GPK). The bound NprX peptide of
4GPK is highlighted as black sticks.

doi:10.1371/journal.ppat.1005779.g004

free energy gain A'G of -18 kcal/mol. The contacts involve 5 H-bonds and 2 salt bridges as well
as hydrophobic interactions. In particular, the dimerization interface involving the C-terminal
residues N407 and Y410, which was observed in the NprR/NprX complex, is conserved in the
apo dimer. Interestingly, the NprR mutant N407A/Y410A, which has been shown to be mono-
meric and inactive as a transcription factor [22], has also lost its sporulation inhibitor activity
(Fig 4B), demonstrating that NprR dimerization is essential for SpoOF binding.

Comparison of the two subunits of the apo NprR dimer demonstrated that, due to distinct
crystal packing constraints, the pitch of the superhelix formed by the 9 TPR motifs of the pro-
tein is larger in apoB than in apoA (Fig 4C). This discrepancy, characterized by a Z-score of 7.9
and an rmsd distance of 1.99A over 293 aligned Co: atoms, reflects the elasticity of the superhe-
lix and suggests that, in solution and in the absence of NprX, the protein dynamically oscillates
between distinct conformations. Comparison with the subunits of the symmetrical NprR-NprX
tetramer (PDB ID 4GPK) (Fig 4C) showed that both apoA (Z-score = 7.7; rmsd = 2.31A over
301 Co atoms aligned with 4GPK-]) and apoB (Z-score = 5.1; rmsd = 2.74A over 284 Ca.
atoms aligned with 4GPK-K) display a more extended conformation than the peptide-bound
structure.

This flexibility of the TPR superhelix is also observed in the available structures of the Rap
proteins. Peptide binding stabilizes a compressed form of the Rap superhelix similar to that
observed in the NprR-NprX complex (PDB-ID 4GPK) [22] (Z-score = 9.3; rmsd = 2.26A over
290 Co atoms of chain 4GPK-F aligned with chain 4I19C-A of the RapF-PhrF complex [20])
(Z-score = 8,5; rmsd = 2.33A over 288 Co. atoms of chain 4GPK-K aligned with chain 4GYO-A
of the RapJ-PhrC complex [19]). On the other hand, binding of the Rap protein target stabilizes
the 3-helix bundle conformation (structures of the RapH-SpoOF, PDB ID 3Q15 [18] and
RapF-ComA, PDB ID 3ULQ [17] complexes). Interestingly, the available structures of the apo
form of Rap proteins display distinct conformations. Apo RapI (PDB ID 4114, [19]) displays
an extended TPR superhelix conformation similar to NprR apo-B (Z-score = 6.4; rmsd = 3.30A
over 307 aligned Co. atoms aligned with chain 411 A-B). In turn, apo RapF displays the 3-helix-
bundle conformation (PDB ID 419E, [20]) (S3 Fig). This demonstrates that the conformational
change is not induced by protein binding but intrinsic to the flexibility of the TPR-superhelix.

The structural similarity between NprR and the Rap proteins, and in particular the con-
served flexibility of the TPR superhelix, strongly suggests that NprR could adopt a 3-helix bun-
dle-like conformation to carry its Rap-like phosphatase activity on SpoOF-P. NprR would thus
follow the same molecular mechanism than the Rap phosphatases, despite the additional pres-
ence of the HTH domain at the N-terminus. We thus propose that NprR apoA and apoB repre-
sent two intermediate conformations of the protein, between the compressed TPR superhelix
of the peptide-bound complex and the 3-helix bundle conformation of the SpoOF-bound form.

Conserved key residues are involved in both functions of NprR

Structure based-sequence alignments (54 Fig) showed that the RapH residues Q47, F58, E137
and Y175, which have been shown to be directly involved in SpoOF binding [18], correspond to
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Fig 5. The same key residues are involved in the two functions of NprR. (A) Effect of NprR mutations in sporulation efficiency in the Bt ARX
strain. The number of viable bacteria (blue bars) and heat-resistant spores (orange bars) was counted after 3 days of growth in LB medium at 30°C.
The percentage of sporulation was indicated at the top of histogram bars. Error bars: Standard Error of the Mean (SEM). The experimental values
are givenin S1 Table. (B) Close view of the peptide-binding site in the NprR-NprX complex (PDB ID 4GPK). The bound peptide is shown as sticks
coloured by atom type. Its K residue is labelled and highlighted by dots as well as NprR residues H201, W167, Y165 and R343. (C) Close view of the
peptide-binding site in the NprR-apoB conformation. The increased distance between the NprR residues Y165 and R343 is indicated.

doi:10.1371/journal.ppat.1005779.9005

NprR residues D107, Y118, E188 and Y223, respectively. We mutated these NprR residues into
alanine and tested the ability of the resulting mutant proteins to inhibit sporulation. The four
point mutations abolished the negative effect of NprR on sporulation (Fig 5A), confirming a
Rap-like SpoOF binding mode. Because Y223, together with residue F225, is part of the inter-
face stabilizing the tetrameric conformation of the NprR-NprX complex [22], we also mutated
F225, which is not conserved in RapH, and measured its activities. Both single mutants NprR
(Y223A) and NprR(F225A) had lost their transcriptional activity (S2B Fig) but the NprR
(F225A) mutant retained its sporulation inhibitor activity (Fig 5A). Taken together these
results demonstrate that the NprR residue Y223 is alternatively involved in tetramer formation
and in SpoOF interaction, depending on the presence or absence of bound peptide, respectively,
whereas F225 is only involved in stabilization of the DNA-binding tetramer. We thus propose
that: i) SpoOF binding most probably stabilizes apo NprR in a Rap-like 3-helix bundle
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conformation, and ii) NprX binding stabilizes the compressed conformation of the TPR super-
helix compatible with tetramer formation and DNA binding [22]. However, since only the
truncated form of the protein could be crystallized, the position of the additional N-terminal
HTH-domain of NprR remains unknown.

In our previous structural study of the NprR-NprX complex we showed that peptide bind-
ing involves residues from TPR-2 (residue R126) to TPR-7 (residues N306, D309). In particu-
lar, the importance of a stacking interaction between the K residue of the bound SSKPDIVG
octapeptide and the NprR residues H201 and W167 has been demonstrated [22]. We show
here that this interaction further induces an additional stacking interaction between residues
Y165 from TPR-3 and R343 from TPR-8 (Fig 5B). Dissociation of the peptide releases this con-
straint, resulting in a dynamic flexibility of the TPR superhelix. In the relaxed conformation of
the superhelix observed in NprR apoB, residues Y165 and R343 are about 11A apart (Fig 5C).
The role of the Y165-R343 interaction has been investigated by mutational analysis. A {3-galac-
tosidase assay showed that these residues are necessary for the transcriptional activity of NprR
(S2C Fig), thus confirming their role in stabilization of the closed transcription factor confor-
mation of the protein. Interestingly, the sporulation inhibitor activity of the NprR mutant pro-
teins (Y165A) and (R343A) was also abolished (Fig 5A), suggesting that these residues could
also play a role in regulating SpoOF binding.

Furthermore, mutating into alanine residue R126, which had been shown to be essential for
peptide binding [22], abolishes the inhibitory effect of NprR on sporulation (Fig 5A), suggest-
ing that this residue is also alternatively involved in SpoOF binding.

Discussion

Unlike the results published by Cabrera and colleagues [27] claiming that NprR has a positive
effect on sporulation, our results demonstrate that NprR is a bifunctional regulator repressing
sporulation in the absence of its cognate peptide NprX and acting as a transcriptional activator
in the presence of peptide. These findings are in agreement with previous studies suggesting
that NprR is an evolutionary intermediate between the Rap and the transcriptional activators
of the RNPP family [4, 8].

We show that the mechanism involved in the negative control of sporulation is due to a sec-
ond regulatory function of NprR, independent of its transcriptional activator function. Moreover,
expression of the Spo0A-regulated genes spolIE and spollG is prevented in the NprX-deficient
strain, demonstrating that NprR affects SpoOA phosphorylation in the absence of signaling pep-
tide. This new function of NprR is similar to the function of the Rap phosphatases, which interact
with SpoOF-P in the absence of the Phr peptides [19, 34]. Dephosphorylation of SpoOF-P disrupts
the phosphorelay therefore blocking the activation of Spo0OA and the commitment to sporulation.
Here we demonstrate that NprR binds to SpoOF and prevents its KinA-dependent phosphoryla-
tion, thus repressing the expression of Spo0A-regulated genes and finally inhibiting sporulation.
This activity is relieved by NprX binding. According to these results, the NprR-NprX system thus
functions as the Rap-Phr systems. However, the sporulation efficiency of the NprR/NprX-defi-
cient strain was slightly lower than the wild type strain contrary to the Rap/Phr-deficient strains
in B. subtilis and B. anthracis [24, 35]. The transcriptional activity of the NprR/NprX complex
regulating genes coding for several degradative enzymes providing the nutrients required for bac-
terial survival and sporulation [21] could explain this result.

In the Rap proteins, the 3-helix bundle conformation has been shown to be required for
binding of the target protein, SpoOF or ComA [19]. Our structural analysis suggests that NprR,
despite the presence of the additional HTH domain at the N-terminus, most probably under-
goes a similar conformational change for SpoOF binding.
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It is also noteworthy that, in the Rap proteins where dimerization is not universally observed
in solution [17, 23], the analysis of the assemblies and interfaces using PISA [36] revealed that
all available crystal structures display a dimerization mode similar to NprR (S3B Fig). This
interface could be less important and weaker in the Rap proteins than in the other RNPP regu-
lators, which require dimerization for DNA binding. However, detailed analysis of the dimer-
ization interface of RapF revealed that it involves residues equivalent to NprR residues, which
have been shown to play important roles in dimerization. In particular, the NprR residues
H205 and H206 are equivalent to RapF residues Y158 and F159. In the 3-helix bundle confor-
mation of the RapF dimer (PDB ID 4I9E), symmetrical F159 residues are in stacking interac-
tions and Y158 forms a sandwich interaction involving Y117 and R115 from the neighbouring
subunit (S5A Fig). In the peptide-bound TPR conformation of RapF (PDB ID 4I9C), the inter-
action network between symmetrical Y158 and F159 residues is modified (S5B Fig) and Y117
now interacts with the bound peptide and Y153 (S5C Fig). This situation is reminiscent of
what is observed in the NprR-NprX complex with residues W167 and H201 (Fig 5A). In addi-
tion, R115 interacts with D297, thus stabilizing the TPR conformation of RapF (S5C Fig), as
observed in the NprR-NprX complex between residues Y165 and R343 (Fig 5C). Moreover, the
conserved tryptophan residue corresponding to RapH W17 that has been shown to be impor-
tant for the folding of the 3-helix bundle conformation [18] is conserved and corresponds to
NprR W79 (84 Fig). This structural comparison further supports the hypothesis that NprR and
the Rap proteins would share the same mechanism and that NprR could adopt the 3-helix bun-
dle conformation for SpoOF binding.

However, understanding how this bifunctional quorum sensor accommodates the presence
of additional HTH domain at the N-terminus will require further investigations. We propose
that NprR residue R343, which has been shown to be essential for the sporulation inhibitor
function of the protein, could be involved in stabilization of the HTH domain in the complex
with SpoOF. The drastic conformational change resulting in the 3-helix bundle conformation
indeed brings the equivalent residue RapF-D297 in the vicinity of helix ol N-terminus, sug-
gesting that NprR-R343 could interact with the N-terminal HTH-domain of NprR missing in
the crystal structure. In the meantime, we propose a molecular regulatory mechanism for
NprR (Fig 6A) in which important residues are directly and alternatively involved in the tran-
scription factor and sporulation inhibitor functions of NprR. In particular, Y223 is alternatively
involved in tetramerization and SpoOF binding. Similarly, we propose that residues Y165 and
W167 alternatively stabilize the NprX-induced tetrameric conformation and the 3-helix bundle
dimer compatible with SpoOF binding.

From a physiological point of view, we propose (Fig 6B) that during the transition phase
between the end of exponential growth and the onset of sporulation, NprR is predominantly
non-associated with NprX and present in a flexible dimeric form compatible with the confor-
mational change required for SpoOF binding. The sporulation kinase is thus unable to phos-
phorylate the NprR-bound SpoOF. The phosphorylation cascade is inhibited and SpoOA is kept
in an inactive state. As a consequence, the PIcR regulon is maintained, resulting in the produc-
tion of extracellular virulence factors such as haemolysins, degradative enzymes and enterotox-
ins [37]. This allows the bacteria to be maintained in a virulence state ending by host death [3].
At this stage, the bacterial density in the host cadaver increases to a plateau and the intracellu-
lar concentration of matured-NprX is sufficient to lock NprR in the tight superhelix conforma-
tion incompatible with SpoOF binding, thus activating the sporulation phosphorelay.
Concomitantly, the NprR-NprX complex tetramerizes and binds to DNA, thus activating the
transcription of the NprR-regulated genes involved in the necrotrophic lifestyle of the bacteria
[21].
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Fig 6. Proposed molecular mechanism of the bifunctional NprR/NprX quorum sensing system. (A) Structural switch. In the
presence of the signaling peptide NprX, the TPR superhelix is locked in a closed conformation favouring tetramerization and formation of
two DNA binding sites. In the absence of NprX, the TPR superhelix is released, inducing dissociation of the tetramer into flexible dimers
capable of a drastic conformational change resulting in the 3-helix bundle conformation compatible with SpoOF binding. (B) Functional
switch. The binding of NprX induces a switch from one activity (NprR = non-transcriptional inhibitor) to another activity (NprR-NprX =
transcriptional activator). The regulatory protein NprR and its signaling peptide NprX are produced in the cytoplasm. First, NprR is present
in the dimeric apo form, which binds to SpoOF and inactivates the initiation of the sporulation process by conserving SpoOA in an inactive
state. NprX is secreted, extracellularly processed presumably as an octapeptide (SSKPDIVG) and reimported within the bacterial cell.
When the intracellular concentration of NprX increases peptide binds to NprR, which shifts into the closed conformation incompatible with
SpoOF binding allowing the phosphorylation of Spo0A and thus activating the commitment to sporulation. Concomitantly, the NprR-NprX
complex tetramerizes, binds to DNA and activates the transcription of the NprR-regulated genes involved in necrotrophism.

doi:10.1371/journal.ppat.1005779.9006

Recently, a study on the dynamics of cell differentiation in B. thuringiensis population dur-
ing growth in various conditions demonstrated that commitment to sporulation depends on
the activity of NprR as a transcriptional activator [38]. This is in agreement with the new role
of NprR-NprX in the modulation of the SpoOA phosphorylation rate suggesting that the
Spo0A-P concentration required to initiate the sporulation process is reached only in bacteria
engaged in the necrotrophism. This mechanism coupling necrotrophism with spore formation
would ensure the survival and the dissemination of the bacteria during the infection process.

Our work thus revealed unexpected properties of NprR and NprX concerning their role in
the developmental program of bacteria belonging to the B. cereus group. Altogether our results
indicate that the NprR-NprX regulation system functions as a typical Gram-positive quorum-
sensing system in which NprX is the signaling peptide. However, a striking difference between
NprR-NprX and other known systems, including PIcR-PapR and Rap-Phr, is the dual function
of the regulator protein: 1) In the absence of NprX, NprR prevents SpoOA to be phosphorylated
by inhibiting phosphorylation of SpoOF; and 2) In the presence of bound NprX, NprR acts as a
transcriptional regulator. Therefore, NprX acts as a switch, which toggles NprR from one activ-
ity (NprR = developmental function) to another (NprR-NprX = transcriptional activator).
These two regulatory activities control completely distinct pathways: NprR combined to NprX
activates the transcription of a set of genes involved in the necrotrophic lifestyle whereas NprR
alone inhibits sporulation events. Bifunctional regulators, also designated as moonlighting pro-
teins, have been described in prokaryotes and eukaryotes [39, 40]. The RapH phosphatase acts
both on SpoOF to inhibit the sporulation phosphorelay and on ComaA to inhibit its binding to
DNA [41]. However, NprR is the first example of a quorum-sensor that recognizes DNA for its
transcription factor activity and a protein for its sporulation inhibitor activity. This bifunc-
tional regulator may have been selected in B. cereus group because it provides benefits to a
pathogenic bacterium feeding on host proteins. The pathogenic lifestyle may require close
coordination between cell density, proteolytic activities and sporulation events.

Materials and Methods
Bacterial strains and growth conditions

The B. thuringiensis strain 407 Cry” (hereafter referred to as Bt 407 strain) is an acrystalliferous
strain cured of its cry plasmid [42]. Escherichia coli K-12 strains TG1 was used as host for the
construction of plasmids and cloning experiments. Plasmid DNA for Bacillus electroporation
was prepared from the Dam™ Dcm' E. coli strain ET12567 (Strata gene, La Jolla, CA, USA). E.
coli and B. thuringiensis cells were transformed by electroporation as described previously [42,
43]. E. coli strains were grown at 37°C in Luria Broth (LB). Bacillus strains were grown at 30°C
in LB or at 37°C in HCT, a sporulation-specific medium [44].
The following concentrations of antibiotic were used for bacterial selection: ampicillin
100 pg/ml for E. coli; tetracycline 10 ug/ml, spectinomycin 200 pg/ml and erythromycin 10 pg/
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ml for B. thuringiensis. Bacteria with the Lac* phenotype were identified on LB plates contain-
ing 100 pg/ml X-gal. The xylA promoter in B. thuringiensis was induced by adding 20 mM
xylose to the culture medium.

Sporulation assays

The sporulation efficiency of the B. thuringiensis strains was determined in LB medium after 3
days of growth. Numbers of viable cells were counted as total colony-forming units (cfu) on LB
plates. The number of spores was determined as heat-resistant (65°C for 30 min) cfu on LB
plates. The percentage of sporulation was calculated as 100 x the ratio between the numbers of
heat-resistant spores ml~" and viable bacteria ml™'. The ODgg, at the onset of the stationary
phase is similar for all tested strains (ranging from 2.1 to 2.6). Results are given as

mean + standard error of the mean (SEM). The experimental values are given in S1 Table.

DNA manipulations

Chromosomal DNA was extracted from B. thuringiensis cells using the Puregene DNA Purifi-
cation Kit (QIAgen, France). Plasmid DNA was extracted from E. coli by a standard alkaline
lysis procedure using QIAprep spin columns (QIAgen, France). DNA polymerase, restriction
enzymes and T4 DNA ligase (New England Biolabs, USA) were used in accordance with the
manufacturer’s recommendations. Oligonucleotide primers (S2 Table) were synthesized by
Sigma-Proligo (France). PCRs were performed in an Applied Biosystem 2720 Thermak cycler
(Applied Biosystem, USA). Amplified fragments were purified using the QIAquick PCR purifi-
cation Kit (QIAgen, France). Digested DNA fragments were separated on 1% agarose gels and
extracted from gels using the QIAquick gel extraction Kit (QIAgen, France). Nucleotide
sequences were determined by Beckman Coulter Genomics (Takeley, U K).

Plasmid constructions

The plasmid pRN5101 [45] was used for nprX disruption. The plasmid pMAD-amy::spc [38]
was used for complementation experiment at the amy locus. Transcriptional fusions for the
spolIE promoter region was constructed in pHT304-18lacZ [46]. The low-copy-number plas-
mid pHT304.18-P,4 [15] was used for complementation experiment with the modified
spo0A 467 gene under xylose-inducible promoter. The vectors pQE60 and pQE30 (QIAgen,
France) were used to overproduce NprR-6His and 6His-SpoOF from Bt 407, respectively. The
PQE30 was also used to overproduce 6His-SpoOF and 6His-KinA from Bacillus subtilis for
NprR SpoOF-P dephosphorylation assays. All the constructed plasmids used in this study are
described in S3 Table.

Construction of the Bacillus 407 recombinant strains

The thermosensitive plasmid pRN5101QnprX::tet (S3 Table) was used to disrupt the chromo-
somal wild-type copy of nprX by homologous recombination as described previously [47]. The
recombinant strain, designated Bt 407 AX, was resistant to tetracycline and sensitive to erythro-
mycin. The Bt 407 nprR-nprX::tet (Bt 407 ARX), Bt 407 nprR::tet (Bt 407 AR) and Bt 407
spo0A::kan (Bt 407 AOA) mutant strains were described previously [8, 33].

B-Galactosidase assays

3-Galactosidase activities were measured as described previously [8], and specific activities are
expressed in units of 3-galactosidase per milligram of protein (Miller units). Each assay was
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independently repeated at least three times and a representative graph was shown for each
experiment.

Protein preparation

The (AHTH)(Y223A/F225A) mutant of the nprR gene from B. thuringiensis strain 407 has
been cloned into a pQE60 plasmid and expressed in E. coli strain M15 [pRep4] with a C-termi-
nal 6xHis tag. The recombinant protein was purified as already described for the full-length
wild-type NprR [8]. The purified protein was aliquoted, flash frozen and stored at -20°C in 20
mM Tris-HCl pH8 and 100 mM NaCl.

Selenomethionine-labelled NprR(AHTH))(Y223A/F225A) was produced in E. coli strain
M15 [pREP4, pQE60QnprRAHTH-Y223A-F225A] grown at 37°C in the presence of 50 pg/ml
ampicillin and 50 pg/ml kanamycin in M63 medium. At ODggopnpm of 1 the M63 medium was
supplemented with 10 g/1 of Studier amino acid and 2.5 g/I of selenomethionine. Finally,
expression was induced at ODggonm 0f 1.5 by adding 1 mM IPTG and the culture was incubated
for 4 hours at 37°C. The labelled protein was purified following the same protocol as for the
unlabelled protein.

SpoOF from B. thuringiensis was produced as an N-terminal His-tagged recombinant pro-
tein in E. coli strain NMA522 [pQE30Qspo0F] grown at 37°C in the presence of 50 pg/ml of
ampicillin. Expression was induced at ODggpgnm 0f 0.6 by adding 1 mM IPTG and the culture
was incubated for 3 hours at 37°C. The protein was produced in inclusion bodies, inclusion
bodies were resuspended in 25 mM Tris-HCl pH 8, 500 mM NaCl, 3 M Guanidinium Chloride
and 10% Glycerol and incubated for 3 hours at 4°C. Finally SpoOF was renatured on the IMAC
column following the protocol of the manufacturer. The purification was completed by a size
exclusion chromatography step using a S75 16/60 column equilibrated in 20 mM Tris-HCl
pH 8,200 mM NaCl, 10% Glycerol.

SpoOF and KinA from B. subtilis were produced as N-terminal His-tagged recombinant pro-
teins in the E. coli M15 [pRep4] strain grown at 37°C in the presence of 50 pug/ml ampicillin
and 50 pg/ml kanamycin. Expression was induced at ODgggnm Of 0.6 by adding 1 mM IPTG
and the cultures were incubated overnight at 15°C. The Bs SpoOF and KinA proteins were then
purified using an IMAC column following the protocol of the manufacturer (QIAGEN). The
purification was completed by a size exclusion chromatography step using a S75 16/60 and a
S200 16/60 column, for SpoOF and KinA respectively. The samples were stored frozen in
50 mM Tris-HCI pH 7.5, 50 mM Na,SOy, 15% Glycerol, 5 mM MgCl, for SpoOF and KinA.

Interaction measurements

Microscale thermophoresis (MST) [48] was performed using the Monolith NT.115 apparatus
and MST Premium coated capillaries from Nanotemper Technologies. NprR was fluorescently
labelled with the blue fluorescent dye NT-495-NHS according to the manufacturer’s protocol.
The Bt SpoOF solutions were serially diluted from about 260 uM to 8 nM in the presence of 33
nM labelled NprR and 5% glycerol in MST buffer (50 mM Tris-HCI, pH 7.4, 150 mM NaCl, 10
mM MgCl,, 0.05% Tween-20). Data analyses were performed using the Nanotemper Analysis
software.

In vitro phosphorylation assay

Phosphorylation of B. subtilis SpoOF was determined in a reaction buffer (50 mM Tris-HCl,
pH 7.4, 20 mM MgCl2, 0.1 mM EDTA and 5% glycerol). KinA (0.1 uM) was first activated by
pre-incubation (1.5 hours at 37°C) in the presence of 1 mM ATP, containing 20 pCi mmol™
[Y-32P]-ATP. SpoOF (5.4 uM), NprR (10 uM) and NprX-8 (57 uM) were then added as
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indicated, and mixtures were further incubated at 37°C. Aliquots were withdrawn at different
times (2, 10 and 20 minutes). Samples were analyzed by 15% SDS-Tris-glycine PAGE. The gel
was dried and the radioactivity detected with a PhosphorImager and the ImageQuant software
(Molecular Dynamics Corp.).

Protein crystallization

In order to determine the conformation of NprR carrying out the sporulation inhibitor func-
tion of the protein, we performed a large-scale screening of crystallization conditions. The
truncated double mutant protein NprR(AHTH)(Y223A/F225A) crystallized at 18°Cin 1.0 M
Na citrate, 0.1 M Hepes pH 7.6. Initial needle clusters were improved using micro- and macro
seeding. The crystals were flash frozen in the crystallization solution supplemented with 30%
glycerol for data collection.

Crystal structure determination

A native data set was collected at 3.25A resolution on beamline ID29-1 (ESRF, Grenoble,
France). A selenomethionine (SeMet) labelled form of the protein was used to collect anoma-
lous diffraction data on beamline Proxima-1 (SOLEIL, Gif-sur-Yvette, France). The derivative
data set was collected at a wavelength of 0.97911 corresponding to the maximum of anomalous
dispersion f”. Both data sets were processed with the XDS package [49]. Sub-structure determi-
nation was performed with the SHELX program suite [50] using the HKL2MAP interface [51].
The positions of 16 from the 22 expected selenium atoms could be identified and helped deter-
mine initial crystallographic phases using the program PHASER [52]. The PHENIX wizard
[53] was then used for iterative model building, density modification and structure refinement.
The final model was refined against the 3.25A resolution native data set and manually opti-
mized using COOT [54]. Data processing and refinement statistics are given in S4 Table.

Structure analysis

We used the Protein structure comparison service PDBeFold at European Bioinformatics Insti-
tute [55], to superimpose and compare crystal structures. We used the Protein Interfaces, Sur-
faces and Assemblies service PISA at the European Bioinformatics Institute [36] to analyze
interactions. We used the PyMOL Molecular Graphics System [56] to analyze the 3D structures
and prepare Figs 4A, 4C, 5B, 5C, S3 and S5.

Accession numbers

The genome of Bacillus thuringiensis 407 used in this study is accessible in the NCBI Reference
Sequence (RefSeq) Database under number NC_018877.1.

Supporting Information

S1 Fig. Mutated MTQ motif of the HTH domain. (A) Sequence alignment of the HTH
domains of NprR and PIcR. The position of the mutated MTQ motif of NprR* is underlined in
blue. (B) Analysis of the PIcR/DNA interactions (PDB ID 3U3W). PIcR residues L19, T20 and
Q21 from PIcR, equivalent to the MTQ motif of NprR, are highlighted in sticks and labelled.
(TIF)

S2 Fig. Transcription activity assays. (A) NprR* lacking a functional HTH domain is unable
to activate nprA transcription. B-Galactosidase activity of the Bt 407 wild type strain (RX
PnprA’Z) and the Bt 407 ARX amy::nprR*-nprX mutant strain (R*X PnprA’Z) harbouring the
pHT304.18-nprA’Z plasmid. (B) Effect of NprR single mutations Y223A and F225A on nprA

PLOS Pathogens | DOI:10.1371/journal.ppat.1005779 August 2, 2016 17/21


http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1005779.s001
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1005779.s002

@’PLOS | PATHOGENS

The Bifunctional NprR Quorum Sensor

transcription. B-Galactosidase activity of Bt 407 wild type (RX PnprA’Z) and the Bt 407 ARX
amy:nprRiyazsa-nprX (R[Y223A]-X PnprA’Z) and Bt 407 ARX amy:nprR(gsa;-nprX (R
[F225A]-X PnprA’Z) mutant strains harbouring the pHT304.18-nprA’Z plasmid. (C) Effect of
NprR single mutations Y165A and R343A on nprA transcription. B-Galactosidase activity of Bt
407 wild type (RX PnprA’Z) and the Bt 407 ARX amy:nprRy16541-1prX (R[Y165A]-X
PnprA’Z) and Bt 407 ARX amy:nprRrsaza)-nprX (R[R343A]-X PnprA’Z) mutant strains har-
bouring the pHT304.18-nprA’Z plasmid. The cells were grown at 37°C in HCT medium. Time
zero was defined as the onset of the stationary phase.

(TIF)

S3 Fig. Structure of the Rap proteins. (A) Flexibility of the apo form. Apo forms of the Rap
proteins. Apo-Rapl (PDB ID 4I1A) and apo RapF (PDB ID 4I9E) structures. (B) Conserved
dimerization mode of the Rap proteins. Closed TPR conformation of the RapF-PhrC complex
(PDB ID 4I9C) and 3-helix bundle conformation of apo RapF (PDB ID 4I9E). The protein
chains are shown as cartoon with cylindrical helices and coloured by spectrum from blue
(Nter) to red (Cter). The conserved C-terminal type-II interface is highlighted by dots sur-
rounding residue F360 equivalent to the NprR residue Y410. The bound peptides are displayed
as black sticks.

(TTF)

$4 Fig. Structure based-sequence alignments between RapF, RapH and NprR. The TPR
motifs are highlighted by arrows coloured by spectrum from blue to red. Conserved NprR resi-
dues D107, Y118, E188 and Y223 involved in SpoOF binding are highlighted by red stars. Resi-
dues Y165, W167, H201, H205, H206 and R343 are indicated by green triangles. Structural
data from PDB files 419C (RapF [20]), 3Q15 (RapH [18]) and 4GPK (NprR [22]).

(TTF)

S5 Fig. Role of conserved Rap residues. (A) Role of residues Y158, F159, R115 and Y117 in
the dimerization interface of RapF 3-helix bundle conformation (PDB ID 4I9E). (B) Position
of residues Y158 and F159 in the dimerization interface of RapF TPR conformation (PDB ID
419C). (C) Role of residues R115, Y117, Y153 and D297 in the TPR conformation of the
RapF-PhrC complex (PDB ID 419C).

(TIF)

S1 Table. Sporulation efficiency of Bacillus strains. The percentages of spores were calculated
as 100 x the ratio between heat-resistant spores ml ~' and viable cells ml~". The viable cells and
heat-resistant spores were counted after 3 days in LB medium at 30°C. ODy at t0 corresponds
to the ODg at the onset of the stationary phase. n is the number of independent sporulation
efficiency measurements. Nd: Not detected. Results are given as mean + standard error of the
mean (SEM).

(DOCX)

$2 Table. Primers used in this study. The restriction sites are underlined. Bases in red corre-
spond to the point mutations.
(DOCX)

$3 Table. Plasmids constructed for this study. References given in S3 Table following manu-
script numbering.

(DOCX)

$4 Table. X-ray data processing and refinement statistics.
(DOCX)
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