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Extracellular Life Cycle of ComS, the Competence-Stimulating Peptide
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In streptococci, ComX is the alternative sigma factor controlling the transcription of the genes encoding the genetic transforma-
tion machinery. In Streptococcus thermophilus, comX transcription is controlled by a complex consisting of a transcriptional
regulator of the Rgg family, ComR, and a signaling peptide, ComS, which controls ComR activity. Following its initial produc-
tion, ComS is processed, secreted, and imported back into the cell by the Ami oligopeptide transporter. We characterized these
steps and the partners interacting with ComS$ during its extracellular circuit in more detail. We identified the mature form of
ComS and demonstrated the involvement of the membrane protease Eep in ComS processing. We found that ComS was secreted
but probably not released into the extracellular medium. Natural competence was first discovered in a chemically defined me-
dium without peptides. We show here that the presence of a high concentration of nutritional peptides in the medium pre-

vents the triggering of competence. In milk, the ecological niche of S. thermophilus, competence was found to be func-
tional, suggesting that the concentration of nutritional peptides was too low to interfere with ComR activation. The
kinetics of expression of the comS, comR, and comX genes and of a late competence gene, dprA, in cultures inoculated at
different initial densities revealed that the activation mechanism of ComR by ComS is more a timing device than a quo-
rum-sensing mechanism sensu stricto. We concluded that the ComS extracellular circuit facilitates tight control over the

triggering of competence in S. thermophilus.

N atural competence for transformation is a physiological state
allowing bacteria to bind, take up, and integrate exogenous
DNA in their genomes by homologous recombination. The trig-
gering of competence is tightly controlled in Gram-positive bac-
teria and has been studied extensively in Streptococcus pneumoniae
(for reviews, see references 1 to 3). In this bacterium, a signaling
heptadecapeptide, the competence-stimulating peptide (CSP),
encoded by the comC gene, is secreted and processed by an ABC
transporter, ComAB. Extracellular CSP is detected by a two-com-
ponent system. The membrane-embedded histidine kinase,
CombD, is thought to undergo autophosphorylation in response to
CSP, subsequently phosphorylating its cognate response regula-
tor, ComE, which then activates the transcription of the early
CSP-induced genes, including comCDE, comAB, and comX.
ComX, which is also known as SigX, is an alternative competence-
specific sigma factor required for expression of the late CSP-in-
duced genes, which encode components of the DNA uptake ma-
chinery. This regulation of the early steps of the cascade, up to the
transcription of comX, occurs in streptococci from the mitis and
anginosus groups. Sequencing studies have highlighted an ab-
sence of early competence genes in other streptococci, despite the
presence of late competence genes and the comX gene in their
genomes (4). Recent discoveries that S. thermophilus is competent
in a chemical medium lacking peptides and that the Ami oligo-
peptide transporter is essential for the expression of comX have
constituted the first step toward the deciphering of an alternative
mechanism (5). This mechanism is based on a signaling peptide,
ComS, and a transcriptional regulator of the Rgg family, ComR.
ComS is thought to be processed, secreted, and imported back
into the cell by Ami. There, it activates ComR, which then binds to
the comX promoter, thereby controlling the transcription of this
gene, in both S. thermophilusand S. salivarius (6). This mechanism
has also been shown to occur in S. mutans, whose genome also
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encodes a ComCDE system, and probably also operates in the
streptococci of the pyogenic and bovis groups, which have or-
thologs of comR and comS in their genomes. Based on the se-
quences of ComsS peptides, the ComS-ComR systems of strep-
tococci of the salivarius group were named type I, and those of
the mutans, pyogenic, and bovis groups were named type II.
Mature ComsS peptides are also known as sigX-inducing pep-
tides (XIP) (7).

Two type II ComS-ComR systems, those of S. mutans and S.
pyogenes, were recently studied in more detail. The amino acid
sequence of the XIP of S. mutans has been determined. This hep-
tapeptide (ComS;;_,;,) is released by C-terminal cleavage of the
ComS propeptide, in a process that does not involve the Eep mem-
brane protease (8). The development of competence in S. mutans
was studied in a medium lacking nutritional peptides, and this
state was found to be triggered at a high cell density. XIP is released
into the extracellular medium at concentrations equivalent to 1
pM ComS,,_;, (9). For S. pyogenes, despite the presence of the
genes required for transformation in the genome and the control
of comX transcription by ComR and ComS, the bacterium has
been found to remain noncompetent under the many laboratory
conditions tested (10).

We focused on the initial steps—production of the mature
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TABLE 1 Bacterial strains used in this study

Strain Relevant property” Description” Reference or source
S. thermophilus
strains

LMD-9 Wild type 32

CB001 blp::P,,,,x-luxAB 6

LF121 blp::P,,,s-luxAB 35

LF123 blp::P,,,r-luxAB 35

TIL773 Aeep 14

TIL1179 pBV5030::P32 pBV5030::P32 — LMD-9 This study

TIL1199 AamiAl amiA3::erm 5

TIL1202 AamiCDE::spec 14

TIL1209 comS::spec comS::spec PCR fragment — This study
LMD-9

TIL1307 pBV5030::P32-comS pBV5030::P32-comS — LMD-9 This study

TIL1311 blp::P.,,,x-luxAB aphA3 pGICB004a::P,,,,x — LMD-9 This study

TIL1314 blp::P,,,x-luxAB aphA3 comS::spec TIL1209 DNA — TIL1311 This study

TIL1329 pBV5030:P32-comSAamiCDE::spec TIL1202 DNA — TIL1307 This study

TIL1349 blp::P 4, -luxAB aphA3 pGICB004a::P,,,, — LMD-9 This study

TIL1371 blp::comX-luxAB aphA3 Aeep TIL1311 DNA — TIL773 This study

TIL1391 blp::P,,,x-luxAB comS::spec TIL 1209 DNA — CB001 This study

TIL1392 blp::P ,,,x-luxAB comS::spec amiA3::erm TIL1199 DNA — TIL1391 This study

TIL1393 blp::P,,,x-luxAB comS::spec AamiAl amiA3::erm TIL1199 DNA — TIL1391 This study

TIL1394 blp::P,,,x-luxAB comS::spec AamiAl pG "host9::updown.amiAl— This study
TIL1391

TIL1404 comS::erm PCR fragment comS::erm — This study
LMD-9

TIL1405 blp::P ., x-luxAB comS::erm TIL1404 DNA — CB001 This study

E. coli strain
TG1 repA™ TG1 derivative with repA gene integrated into

the chromosome

P. Renault, INRA, Jouy-en-Josas,
France

@ erm, aphA3, and spec indicate resistance to erythromycin, kanamycin, and spectinomycin, respectively.

b Arrows indicate construction by transformation with chromosomal DNA or plasmid.

type I ComS, its extracellular circuit, and its uptake via the Ami
oligopeptide transport system—to validate the proposed model in
S. thermophilus and to decipher its workings further. We found
that the type I and II ComS-ComR mechanisms are similar but
not identical. The slight differences observed resulted in signifi-
cant discrepancies, particularly in terms of the kinetics of compe-
tence in laboratory media.

MATERIALS AND METHODS

Bacterial strains and growth conditions. The bacterial strains used are
listed in Table 1. S. thermophilus strains were grown at 28 or 37°C in M17
medium (Difco) supplemented with 10 g liter ' lactose (M17lac), a
chemically defined medium (CDM) (11), or reconstituted Nilac low-heat
skim milk (Nizo, Ede, Netherlands), without shaking, under a normal air
atmosphere. Escherichia coli strains were grown at 37°C in Luria-Bertani
broth, with shaking (12). Agar (1.5%) was added to the media as appro-
priate. When required, antibiotics were added to the media at the follow-
ing final concentrations: erythromycin, 200 wg ml~" for E. coli and 5 p.g
ml ! for S. thermophilus; kanamycin, 1 mg ml ™ for S. thermophilus; and
spectinomycin, 100 pg ml~' for S. thermophilus. The optical density at
600 nm (ODy,) of each culture was measured with a Uvikon 931 (Kon-
tron) spectrophotometer or a microplate reader (Infinite M200 spectro-
luminometer; Tecan).

Natural transformation of S. thermophilus LMD-9 in milk. Cells of
S. thermophilus strain LMD-9 were grown overnight at 42°C in Nilac milk.
The OD 4, of the culture was measured after clarification of milk by 10-
fold dilution in 5mM EDTA (pH 12). The culture was then diluted in milk
to an OD,g, of 0.05. One hour after dilution, 100 pl of the culture was
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mixed with 1 pg of plasmid DNA (pG*host9), with or without 1 pM
ComS,,_,,, and incubated for 2 h at 28°C. The culture was then serially
diluted and spread on M17lac plates with erythromycin. For calculation of
the transformation rate (i.e., the number of antibiotic-resistant transfor-
mants per ml divided by the number of viable CFU per ml), we also spread
cells on M17lac plates without antibiotic. All these experiments were car-
ried out at least three times.

DNA manipulation and sequencing. Standard methods were used for
DNA purification, restriction digestion, PCR, ligation, and sequencing.
The E. coli TG1 repA™ strain was used as the host for cloning experiments.
The plasmids used are listed in Table 2, and the oligonucleotides used for
PCR are listed in Table S1 in the supplemental material. Naturally com-
petent (5) or electrocompetent (13) S. thermophilus cells were used for
transformation.

Construction of strains containing luxAB reporters. We used deriv-
atives of the plasmid pGICB004a (B. Fleuchot, unpublished data) to easily
integrate, by natural transformation and double-crossover events, tran-
scriptional fusions between the promoter of comX or dprA and the luxAB
reporter genes at the blp locus in S. thermophilus LMD-9. We constructed
pGICB004a::P,,,« as follows. The comX promoter was amplified by PCR
with oligonucleotides PcomX-EcoRI and PcomX-Spel, and the resulting
fragment was digested with the Spel and EcoRI restriction enzymes and
ligated between the corresponding restriction sites of pGICB004a. Strain
TIL1311 (blp::P.,,, - luxAB aphA3) was obtained by natural transforma-
tion of strain LMD-9 with pGICB004a::P,,,,, linearized with the restric-
tion enzyme Scal. The same strategy was used to obtain strain TIL1349
(blp=:P 4,,o-luxAB aphA3), with plasmid pGICB004a::P,,,, constructed
with oligonucleotides PdprA-EcoRI and PdprA-Spel. Strain TIL1371
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TABLE 2 Plasmids used in this study

ComS Extracellular Life Cycle

Plasmid Relevant properties® Reference or source
pG "host9 Erm Ts 33
pG " host9::updown.amiAl Erm; derivative of pG*host9 used for amiAl gene replacement by double-crossover 5
integration
pGICB004 Erm Ts; allows the integration of transcriptional fusions to the luxAB reporter genes 14
at the bilp locus
pGICB004a Erm; derivative of pGICB004 containing the aphA3 gene downstream from the luxB B. Fleuchot, INRA, Jouy-en-Josas,
gene France, unpublished data
pGICBO004a::P,,,, Erm; derivative of pGICB004a used to introduce a P, y-luxAB transcriptional This study
fusion at the blp locus
pGICBO004a::P ., Erm; derivative of pGICB004a used to introduce a P, ,-luxAB transcriptional This study
fusion at the blp locus
pBV5030 Erm; replicative plasmid in E. coli and Gram-positive bacteria 34
pBV5030::P,, Erm; derivative of pBV5030 containing the constitutive promoter P32 of This study
Lactococcus lactis
pBV5030::P;,-ster1357 Erm; derivative of pBV5030 allowing overexpression of the ster1357 gene of S. 14
thermophilus LMD-9
pBV5030::P,-comS Erm; derivative of pBV5030 allowing overexpression of the comS gene of S. This study

thermophilus LMD-9

@ Erm, resistance to erythromycin; Ts, the plasmid encodes a thermosensitive RepA protein.

(blp::P.,,.x-luxAB aphA3 Aeep) was obtained by the natural transforma-
tion, in the presence of ComS,,_,,, of strain TIL773 (Aeep) with chromo-
somal DNA from strain TIL1311.

Construction of ComS-overproducing strains. We used pBV5030::
P32-comsS, a derivative of the plasmid pBV5030::P32-ster1357, to overpro-
duce a ComS peptide containing a glycine residue between the methio-
nine at position 1 and the lysine at position 2 in the wild-type sequence.
The comS gene was amplified by PCR with oligonucleotides ComS-Ncol
and ComS-Pstl. The resulting fragment was digested with the Ncol and
Pstl restriction enzymes and inserted into pBV5030::P32-ster1357 di-
gested with the same enzymes. The resulting plasmid was then introduced
by transformation into strain LMD-9, generating strain TIL1307. Strain
TIL1307 was transformed with chromosomal DNA of strain TIL1202
(AamiCDE::spec), generating strain TIL1329 (pBV5030::P32-comS
AamiCDE::spec). We constructed pBV5030::P32 from pBV5030::P32-
ster]1357 by digestion with the Ncol and PstI restriction enzymes, treat-
ment with T4 DNA polymerase, and self-ligation. Strain TIL1179 was
constructed by transforming strain LMD-9 with pBV5030::P32 and was
used as a negative control in the experiments.

Construction of mutant strains. Deletion of genes was performed by
using either the overlapping PCR method or the thermosensitive plasmid
pG "host9, as follows. We used the overlapping PCR method to replace
the comS gene with the spectinomycin (spec) or erythromycin (erm) resis-
tance cassette. Briefly, the spectinomycin resistance cassette (spec) was
amplified by PCR (14) and fused, by PCR, to fragments located upstream
and downstream of the comS gene. The oligonucleotides used for ampli-
fication of the upstream fragment were comS-uF and comS-uRspec, and
those used for the downstream fragment were comS-dFspec and comS-
dR. The resulting PCR fragment was used to transform naturally compe-
tent LMD-9 cells to generate strain TIL1209 (comS::spec). The erythromy-
cin resistance cassette was amplified by PCR (5), and the oligonucleotides
used for amplification of fragments upstream and downstream of comS
were comS-uF plus comS-uRerm and comS-dFerm plus comS-dR, re-
spectively. The resulting PCR fragment was used to transform naturally
competent LMD-9 cells to generate strain TIL1404 (comS::erm). Both
comS deletions were then introduced into different strains by natural
transformation. Chromosomal DNA from strain TIL1209 was used to
transform strain TIL1311 to generate strain TIL1314 (blp::P,,, - luxAB
aphA3 comS::spec). Chromosomal DNA from strain TIL1404 was used to
transform strain CB001 to generate strain TIL1405 (blp:P,,,, -luxAB
comS::erm). Chromosomal DNA from strain TIL1209 (comS::spec) was

used to transform naturally competent cells of strain CB001 (bip::P_,,,,x-
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luxAB) to generate strain TIL1391 (blp::P,,,, - luxAB comS::spec). We used
a pGThost9 plasmid containing flanking regions of the amiAl gene
(pGhost9::updown.amiAl) to delete the amiAl gene from strain
TIL1391 by integration and excision of the plasmid as previously de-
scribed (5), generating strain TIL1394 (blp::P.,,,x-luxAB comS:spec
AamiAl). Finally, chromosomal DNA from strain TIL1199 (AamiAl
amiA3::erm) was used to transform naturally competent cells of strain
TIL1391 in the presence of the synthetic peptide ComS,, ,,, generating
strains TIL1392 (blp::P,,,,x-luxAB comS::spec amiA3::erm) and TIL1393
(blp::P ., x-luxAB comS::spec AamiAl amiA3::erm), which could be dis-
tinguished by PCR. All constructs were checked by PCR and sequencing.

Luciferase assays. Cells were grown in CDM overnight at 37°C. The
monocultures were then diluted to a final OD, of 0.05 in all experi-
ments except those reported in Fig. 7, in which case the cultures were
diluted to various initial ODyj, values. In coculture experiments, each
individual culture was diluted in CDM to an ODg, of 0.025. Cell
supernatant or CDM was used as the dilution medium, sometimes
with the addition of other compounds (tryptone or Casamino Acids).
Unless otherwise specified, ComS,, _,, or ComS,,_,, wasadded 50 min
after the dilution of the cultures, to a final concentration of 0.05 or 1
M, depending on the experiment. We transferred 250- .l aliquots of
these diluted cultures to the wells of a sterile covered white microplate
with a transparent bottom (Greiner). The ODy,, and luminescence
(expressed in relative light units [RLU]) of the cultures were moni-
tored at 37°C as previously described (6).

Liquid chromatography-tandem MS (LC-MS/MS). The superna-
tants of strains TIL1329 (pBV5030::P32-comS AamiCDE) and TIL1209
(comS::spec) were recovered by centrifugation from 80-ml cultures in
CDM when the ODy, reached 1. They were subjected to ultrafiltration
through Amicon devices (Centriplus YM-10 [10-kDa cutoff]; Millipore),
and the peptides present in the ultrafiltrates were concentrated by solid-
phase extraction (Sep-Pak Plus C, 4 cartridges; Waters) after washing with
4 ml of 0.1% trifluoroacetic acid and 30% acetonitrile and elution in 2 ml
of 40% acetonitrile. The eluted fractions were dried further and resus-
pended in 50 pl of 0.1% trifluoroacetic acid and 2% acetonitrile. We then
loaded 5-pl aliquots of the fractions onto a Pepmap C, g column (150-mm
length by 75-wm internal diameter [ID] by 100 A; Dionex, Voisins-le-
Bretonneux, France) for analysis by online mass spectrometry (MS) on an
LTQ-Orbitrap Discovery apparatus (Thermo Fischer, San Jose, CA). We
initially analyzed only the #/z ion current corresponding to all possible
C-terminal amino acid sequences produced by the cleavage of the Com$
precursor in the supernatant from strain TIL1329. We checked that these
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masses were not present in the supernatant from strain TIL1209 and that
they were eluted from the Pepmap C,g column with a retention time
compatible with the hydrophobicity of their putative amino acid se-
quences. We then fragmented the ions with a mass satisfying these condi-
tions and analyzed them on the Orbitrap mass analyzer. However, peptide
ion fragmentation was found to be impossible due to the weakness of the
mass spectrometry signals. We therefore alkylated the culture superna-
tants with iodoacetamide to strengthen the signal. NaOH and iodoacet-
amide were added to the supernatant at final concentrations of 25 mM
and 20 mM, respectively, and the mixture was stored in the dark for 30
min. Samples were then enriched in peptides and run on a Pepmap C,
column as described above, but with the following modification: 50 pl of
formic acid was added to adjust the pH to 6.5 after the ultrafiltration step.
The masses of the alkylated form of the ions previously identified were
determined, and these ions were fragmented and analyzed on an Orbitrap
mass analyzer with a PAPPSO platform (INRA, Jouy-en-Josas, France).

RESULTS

Location and identification of the secreted form of ComS. The
addition of the ComS,,_,, synthetic peptide (LPYFAGCL) to
CDM induces the expression of comX in a strain lacking the comS
gene, demonstrating that ComS is the precursor of a competence-
stimulating peptide in S. thermophilus LMD-9 (6). However, the
natural form(s) of the secreted peptide has yet to be identified. To
check if the competence-stimulating peptide was released into the
external medium or not, we collected the supernatant from strain
LMD-9 at various time points and mixed it with cells of a reporter
strain containing a P, «-luxAB fusion but lacking the comS gene
(TIL1405). Unexpectedly, we detected no luciferase activity with
supernatant samples collected 30, 60, 90, or 120 min after the start
of LMD-9 strain growth. This observation suggested that the ma-
ture form of ComsS did not accumulate in the supernatant in suf-
ficient amounts to induce the activity of the comX promoter of the
reporter strain. We thus constructed a replicative plasmid con-
taining the comS gene under the control of a strong constitutive
promoter, which we then introduced into strain LMD-9 and a
AamiCDE mutant impaired in peptide import, generating strains
TIL1307 and TIL1329, respectively. The supernatants of these two
strains and that of the control strain TIL1179, which naturally
produces ComsS, were collected after 90 min of growth. The level
of expression of comX was 35 and 90 times higher than that ob-
served in the presence of the control strain supernatant when the
cells of the reporter strain (TIL1405) were grown in the presence
of supernatants from strains TIL1307 and TIL1329, respectively
(Fig. 1). These results indicate that in a ComS-overproducing con-
text, ComS becomes detectable in supernatants, and we learned
from this experiment that the Ami system plays a significant role
in the disappearance of ComS from the medium. These results
also suggest that under natural conditions of expression, ComS is
either (i) secreted and rapidly reimported or (ii) secreted but kept
at the bacterial surface before its reimport. In both cases, we can-
not exclude the possibility that part of ComS was released into the
supernatant but in too small amounts to trigger competence. We
tested these hypotheses with cocultures of the reporter strain
TIL1405 and strain TIL1179, which naturally produces ComS, or
one of the two overproducing strains, i.e., TIL1307 and TIL1329.
Under these conditions, contact between the cells of the reporter
strain and each of the ComS-producing strains tested was possi-
ble, and ComS sensing occurred. Coculture with strain TIL1179
resulted in levels of comX expression that were 135 times higher
than those in a monoculture of strain TIL1405, and induction
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FIG 1 Detection of ComS in the extracellular space. The graph shows the
maximum relative luciferase activities of strain TIL1405 (blp::P.,,, - luxAB
comS::erm) cultured with the supernatants of strains TIL1405, TIL1179
(pBV5030::P32), TIL1307 (pBV5030::P32-comS), and TIL1329 (pBV5030::
P32-comS AamiCDE::spec) (black bars) or cocultured with these four strains
(gray bars). All cultures were performed in CDM. The means for three inde-
pendent experiments are presented, and error bars indicate standard devia-
tions.

reached levels of 200- and 230-fold with strains TIL1307 and
TIL1329, respectively (Fig. 1), confirming the overproduction of
ComS in these two strains and the role of the transporter Ami in
the rapid import of ComS. These results demonstrate that even
under conditions of natural production of ComS, the peptide is
produced in amounts sufficient to induce competence but is not
released freely into the external medium. Our results also indicate
that a ComsS peptide produced by one bacterium can be sensed by
another one, indicating that all pheromones are not immediately
reimported by the producer bacteria. This pheromone exchange
needs bacterial proximity and does not occur via supernatant.
We determined the amino acid sequence of the natural se-
creted form(s) of ComS by analyzing the supernatant of the
ComS-overproducing strain TIL1329 by LC-MS/MS and compar-
ing the results obtained with those for the ComS-nonproducing
strain TIL1209. The C-terminal Leu residue of ComsS is known to
be essential for ComsS activity (6). We therefore looked for un-
modified peptides derived from the C-terminal cleavage of ComS
that were present in the TIL1329 supernatant but absent from the
TIL1209 supernatant. Three masses, corresponding to peptides
ComS,,_,,, ComS,s ,,, and ComS,4_,,, met these criteria (Fig.
2A). At this stage, peptide ion fragmentation was not possible
because the mass spectrometry signals were too weak. These sig-
nals were strengthened by alkylating the supernatants of both
strains with iodoacetamide. As expected, masses corresponding to
alkylated forms of the three peptides were detected only in the
supernatant from the overproducing strain, with the expected
shift in high-pressure liquid chromatography (HPLC) retention
times (Fig. 2A). Alkylation strengthened the ComS,,_,, peptide
sufficiently for its fragmentation and the validation of its sequence
(Fig. 2B). It was not possible to validate the sequences of
ComS;5_,, and ComS,4_,, because their mass spectrometry sig-
nals were too weak. We therefore validated the undecapeptide
ComS,, ,, (IAILPYFAGCL) as a natural mature competence
pheromone in S. thermophilus LMD-9 and confirmed that this
fragment contained a free cysteine residue (Fig. 2A). As cysteine
residues are known to be highly reactive, we checked the capacity
of a synthetic ComS,,_,, peptide that had been alkylated with
iodoacetamide at the cysteine to complement a comS deletion mu-
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ComS Extracellular Life Cycle

A Sequences [M+H]+ [M+H]+ Am (ppm) | Retention | Structure
Theorical Experimental time (min) | validation
Natural IAILPYFAGCL | 1180.6410 1180.6434 2.0 45.8
peptides AILPYFAGCL | 1067.5572 1067.5594 2.1 42.6
ILPYFAGCL | 996.5197 996.5223 2.6 40.6
Alkylated IAILPYFAGC*L | 1237.6610 1237.6649 3.1 43.0 Yes
peptides AILPYFAGC*L | 1124.5772 1124.5808 3.2 39.7
ILPYFAGC*L | 1053.5397 1053.5437 3.8 37.7
B 100 v7
90 :
80 :
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FIG 2 Identification of the mature forms of ComS in the supernatant of a ComS-overproducing strain with impaired peptide import (TIL1329). (A) Features
of peptides corresponding to fragments of the ComsS precursor detected with an Orbitrap mass analyzer. (B) Fragmentation spectrum of the alkylated ion m/z
1,237.66 analyzed in a linear ion trap. The stars indicate the alkylation of the cysteine residue.

tant and observed that the mutant was not transformable and that
such a peptide was not active any more (data not shown). We
compared the activities of the synthetic peptides ComS,,_,, and
ComS,,_,, by using the reporter strain TIL1314 (blp::P,,,,x-luxAB
aphA3 comS::spec). In CDM, no significant difference was ob-
served between ComS,,_,, and ComS,,_,, when these two pep-
tides were added at a nonsaturating concentration of 0.05 M (6;
also data not shown).

The membrane protease Eep is involved in the processing of
ComS. The Eep (enhanced expression of pheromone) protease is
involved in the processing of several pheromones in Enterococcus
faecalis (15), S. thermophilus (14), and S. pyogenes (16). We inves-
tigated its possible involvement in the processing of proComS by
constructing a strain containing a P.,,,-luxAB reporter fusion
from which the eep gene was deleted (TIL1371). No significant
luciferase activity was detected with this strain in CDM. However,
the addition of the ComS,,_,, peptide to the growth medium re-
stored luciferase activity to levels slightly lower than that obtained
with the P, x-luxAB AcomS strain (TIL1314) grown with
ComS,, ,, in CDM (Fig. 3), and for an extended period. We
therefore concluded that the endoprotease Eep is involved at least
in the processing of the ComS propeptide.

The AmiA3 OBP is more important than AmiAl in the im-
port of ComS. The last step of the extracellular circuit of ComsS is
its capture by the oligopeptide binding proteins (OBPs) of the
Ami oligopeptide transporter. There are two OBPs in LMD-9:
AmiAl and AmiA3. We have already shown that an amiA3 dele-
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tion mutation results in a 98% loss of transformability, whereas an
amiAl deletion mutation results in the loss of only 50% trans-
formability, indicating that AmiA3 predominates in the control of
competence during culture in CDM (5). However, in this experi-
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FIG 3 Role of the Eep membrane protease in ComS processing. The graph
shows the growth (ODy,; gray) and relative luciferase activities (RLU/OD 5
black) in CDM of a strain containing a P, x-luxAB fusion in a Aeep back-
ground (TIL1371), without (open circles) or with (closed circles) 1 uM
ComS,,_,,, and of a strain containing a comX-luxAB fusion in a AcomS back-
ground (TIL1314), with 1 uM ComS,,_,, (closed triangles). The data shown
are representative of three independent experiments.
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FIG 4 Roles of the AmiAl and AmiA3 oligopeptide binding proteins in the
import of ComsS,,_,,. The graph shows the growth (ODj,; gray symbols) and
relative luciferase activities (RLU/ODy; black symbols) in CDM supple-
mented with 0.05 uM ComS,,_,, of strains containing a comX-IuxAB fusion in
a AcomS background (TIL1391; squares) or a deletion of amiAl (TIL1394;
diamonds), amiA3 (TIL1392; stars), or both amiAl and amiA3 (TIL1393; cir-
cles). The data shown are representative of three independent experiments.

ment, ComS was produced naturally, and the rate of transform-
ability was controlled by pheromone import and the positive-
feedback loop controlling the transcription of the corresponding
gene. We assessed the role of each OBP in the import of ComS in
more detail, by deleting either amiAl or amiA3 from a ComS-
nonproducing strain containing a P, x-luxAB reporter fusion
and adding synthetic ComS, ,_,,, at a nonsaturating concentration
0f 0.05 M, to the culture medium. Relative luciferase activity was
much weaker in the amiA3 deletion mutant (TIL1392) than in the
amiAl deletion mutant (TIL1394), confirming the greater impor-
tance of AmiA3 than that of AmiAl in the import of ComS,;,_,,
during growth in CDM (Fig. 4). In the presence of both OBPs
(TIL1391), luciferase activity levels were similar to those obtained
with strain TIL1394, and as expected, no luciferase activity was
detected if both OBPs were deleted (TIL1393).

Peptides in the growth medium prevent the triggering of
competence. We have shown that comX expression is lower in
M17lac than in CDM, by a factor of 200, resulting in an absence of
transformants during growth in M17lac (5). M17 is a peptide-rich
medium. We therefore hypothesized that the presence of high
concentrations of peptides might prevent the triggering of com-
petence. Tryptone, a tryptic digestion product of caseins, is one of
the sources of the peptides in M 17, in which its concentration is 5
g liter ', We cultured a strain containing the P, -luxAB re-
porter fusion (CB001) in CDM supplemented with tryptone at
concentrations of 0.1 to 5 g liter ' and measured the maximum
levels of relative luciferase activity. These levels were compared
with those obtained in CDM to determine repression levels. We
observed 97% repression of comX expression in CDM supple-
mented with 5 g liter ! tryptone (Fig. 5A). A similar level of re-
pression was observed in CDM supplemented with 0.5 g liter "
tryptone, and the concentration of tryptone had to be lowered to
0.2 g liter ™" to achieve a significant decrease in the inhibitory
effect. We performed a similar experiment with Casamino Acids,
an acid hydrolysate of caseins consisting mostly of amino acids. In
the presence of 10 g liter ' Casamino Acids, the expression of
comX was repressed by only 28%, with no repression detected at a
Casamino Acids concentration of 0.5 g liter ' (Fig. 5B). These
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FIG 5 Inhibitory effect of tryptone or Casamino Acids in CDM on the expres-
sion of comX. The maximum level of relative luciferase activity of strain CB001
(blp::P,,,x-luxAB) was measured in CDM supplemented with either tryptone
or Casamino Acids and compared with that obtained in unsupplemented
CDM to determine the percent repression of comX expression by tryptone (A)
or Casamino Acids (B). The means for three independent experiments are
presented, and error bars indicate standard deviations.

findings confirm that the presence of tryptone and, more pre-
cisely, of peptides in M17 is sufficient to account for the inhibition
of transformation observed in this medium.

The competence of S. thermophilus has been studied only in
laboratory media such as M17 and CDM. However, S. thermophi-
lus is a streptococcus adapted to milk, which is believed to be its
ecological niche (17). The peptide concentration of milk has been
estimated to be about 0.05 g liter ~' (18). The results obtained with
tryptone-complemented CDM suggest that this concentration is
compatible with the triggering of competence in S. thermophilus.
We thus assessed the rate of transformation with plasmid DNA of
the strain LMD-9 in milk. We found it to be 6.6 X 10™* wg™ "' of
DNA, increasing to 1.4 X 10~ pg™" of DNA when ComS was
added to the milk at a final concentration of 1 uM. This observa-
tion confirms that the peptide content of milk is not high enough
to prevent the triggering of competence.

The ComS-ComR complex is more a timing device than a
quorum-sensing (QS) system. The triggering of comX expression
occurs 90 min after the start of the culture of strain CB001 (blp::
P.,,.x-luxAB), a naturally ComS-producing strain (6). To check if
the cells were resistant to the presence of ComS during the begin-
ning of the exponential growth phase, we performed a set of ex-
periments in which ComS;,_,, was added at different time points
to cultures of the same strain, TIL1391 (blp::P,,,x-luxAB comS::

comX’
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FIG 6 Expression of comX in a ComS-nonproducing strain is triggered by the presence of the ComS,,_,, pheromone in the culture medium during the
exponential growth phase. The graph shows the growth (ODy,; dotted lines) and relative luciferase activities (RLU/ODy; solid lines) of the LMD-9 strain

containinga P,

-luxAB fusion in a AcomS background (TIL1391) after (X) or in the absence of (O) the addition of the synthetic ComS;,_,, pheromone 0, 30,

90, 120, 150, 180, and 210 min after culture inoculation at an OD, of 0.05. The time at which ComS,,_,, was added (from T0 to T210) is represented on a gray

scale. The data shown are representative of three independent experiments.

spec), inoculated at the same time and from the same preculture.
ComS,,_,, was added at the beginning of the culture (T0) and
then every 30 min during the exponential growth phase, to a non-
saturating concentration of 0.05 wM. The addition of the
ComS,,_,, peptide at TO triggered the expression of cormX 30 min
later (Fig. 6). The addition of ComS,,_,, between 30 and 180 min
after the start of the culture (between T30 and T180) was followed
by comX expression, which was first detected about 10 min after
addition of the peptide. At the end of the exponential growth
phase (T210), no comX expression was detected, probably due to
the limitation of luciferase measurement at low pH and/or when
the cofactor FMNH, is limiting (19). Levels of comX expression
were maximal after the addition of ComS,,_,, at T60 and T90.
Thus, cells can respond to ComS early or at any point during
growth, indicating that bacteria are ready to become competent at
any time. The addition of ComS at the beginning of growth trig-
gered the expression of comX approximately 50 min sooner than
that under natural conditions of ComS synthesis (Fig. 7A).

QS mechanisms combine cell-cell signaling and the measure-
ment of population density through the detection of a signal fol-
lowing its passive accumulation during growth (2). We investi-
gated whether the timing of competence depended on quorum
cell density by measuring comX expression in cultures of the
CBO001 strain (blp::P,,,x-luxAB) inoculated at various initial con-
centrations. Because no peptide was added to the cultures, P,
activation was controlled by the production of ComsS by strain
CB001. We observed that the expression of comX was triggered
independently of the initial ODy, of the culture and always oc-
curred 80 to 100 min after inoculation, except in the culture inoc-
ulated with the highest initial density of cells, in which no comX
expression was detected (Fig. 7A). Similar results were obtained

April 2013 Volume 195 Number 8

with strain TIL1349 (blp::P . 4-luxAB) and strain LF121 (blp:
P_,us-luxAB), in which we measured expression of the late com-
petence gene dprA and the comS gene, respectively (Fig. 7B and C).
In all cases, the maximum level of gene expression was not corre-
lated with initial inoculums, as similar values were obtained with
all the initial densities tested. We also performed similar experi-
ments to investigate comR expression with strain LF123. In this
case, expression was triggered immediately. We also observed a
clear correlation between the level of inoculums and gene expres-
sion: the larger the inoculum, the higher was the level of comR
expression (Fig. 7D). Conversely, the inoculum level and time
course of expression were inversely correlated, with larger inocu-
lums being associated with shorter durations of comR expression.

DISCUSSION

The ComsS-associated ComR regulator belongs to an ever-ex-
panding family of regulators involved in cell-cell communication,
such as quorum-sensing mechanisms, and in interacting with in-
tracellular signaling peptides. This family seems to be restricted to
Gram-positive bacteria and includes the SHP-associated Rgg pro-
teins in streptococci and the regulators of the RNPP family: the
PIcR and NprR activators of bacilli, the PrgX repressor of Entero-
coccus faecalis, and the Rap phosphatases of bacilli (20). To date,
only a few mature forms of signaling peptides from this family—
cCF10, PhrC, PapR, SHP1358, and the XIP of S. mutans, a type I
ComS pheromone— have been found in the extracellular me-
dium (8, 14, 21-23) (see Table S2 in the supplemental material).
We describe here the early steps of the extracellular circuit of an-
other member of this family of signaling peptides, ComsS from S.
thermophilus, a type I ComS pheromone.

We first identified the active form of ComS in the extracellular
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FIG 7 Effect of initial cell density on the expression of com genes. The graphs show the growth (ODy,; gray lines and symbols) and relative luciferase

activities (RLU/ODyg,; black lines and symbols) in CDM of strains containing a P

comx-1uxAB fusion (CB001) (A), a P_,,,s-luxAB fusion (LF121) (B), a

P pra-luxAB fusion (TIL1349) (C), or a P, z-luxAB fusion (LF123) (D), with inoculation at various concentrations, i.e., ODg, values of 0.012 (squares),
0.025 (diamonds), 0.05 (X’s), 0.1 (circles), 0.2 (triangles), and 0.4 (+ symbols). The data shown are representative of three independent experiments.

medium of a ComS-overproducing strain. Mature ComS, i.e.,
ComS, ,_,,, is an undecapeptide and is thus longer than the syn-
thetic peptides identified as active in a previous study (6). Natural
mature ComS is probably unmodified, like previously identified
signaling peptides, which bind directly to their effectors (PrgX,
PIcR, and Rap phosphatases) (see Table S2 in the supplemental
material), although we cannot rule out the possibility of intracel-
lular proteolysis or modifications. Indeed, it is difficult to deter-
mine whether ComS,,_,, is the peptide preferentially interacting
with ComR, a precursor of shorter active peptides generated by
cleavage with intracellular aminopeptidases, or both. Six intracel-
lular aminopeptidases with general or more specific cleavage spec-
ificities are encoded in the S. thermophilus genome and could po-
tentially cleave ComsS after its import (24). Two shorter forms of
ComS,,_,,, ComS;5_,, and ComS;4_,,, which are probably prod-
ucts of ComS,,_,, degradation, have been detected in the extra-
cellular medium. This observation suggests that ComS,,_,, is de-
graded extracellularly by an aminopeptidase that remains to be
identified. We also showed that synthetic ComS,,_,, was as effi-
cient as synthetic ComS,,_,,. The extracellular mature form of
ComS is slightly longer than the other internalized signaling pep-
tides identified in supernatants from Gram-positive bacteria (see
Table S2), which are between five and nine amino acids long.
However, ComS,,_,, could clearly be transported by the Ami oli-
gopeptide transporter, which can import peptides of 3 to 23 resi-
dues (25). Furthermore, we demonstrated that the thiol of the
ComsS cysteine residue must remain unmodified for ComS trans-
port or activity. This observation indicates a possible role of the
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oxydo-reduction status of the environment in the triggering and
regulation of competence.

ComS, ,_,, is generated by C-terminal cleavage of the peptide
precursor. The Eep membrane protease plays a direct or indirect
role in the processing of proComS and of several pheromones and
antipheromones of E. faecalis (26, 27), the SHP1358 pheromone
of S. thermophilus (14), and SHP3 from S. pyogenes (16). If Eep
cleaves the pheromone precursors, as seems likely, in all cases it
would recognize hydrophobic peptides of about 20 amino acids in
length, signal peptides, or peptides resembling signal peptides.
These characteristics must be sufficient for Eep recognition, be-
cause no obvious amino acid signature could be identified by se-
quence alignment analysis. These features are also probably nec-
essary for peptide secretion. We do not know whether these
peptides are secreted via the Sec machinery or via another trans-
porter or whether their hydrophobicity allows them to cross the
membrane directly. The processing and secretion steps are prob-
ably tightly linked and occur simultaneously in the membrane
predicted to contain Eep. Interestingly, Eep is not involved in the
processing of ComS from S. mutans (8). The ComS peptides of
other streptococci, also named XIP, vary in length between 15 and
32 amino acids and are less hydrophobic than SHP signaling pep-
tides. It will be interesting to identify the ComS species processed
by Eep for the identification of additional features potentially ac-
counting for the specificity of this protease. It would also be very
interesting to identify proteases that can substitute for Eep. The
situation seems to be different in bacilli, in which PapR and Phr
peptides, working with PIcR and Rap phosphatases, respectively,
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have a peptide signal toward the N terminus, in front of the active
part of the peptide, suggesting probable secretion via the Sec ma-
chinery. It remains unclear how PapR is processed, but PhrC
(CSF) in Bacillus subtilis is processed by at least three proteases:
subtilisin, Epr, and Vpr (28).

We have confirmed that the AmiA3 oligopeptide plays a more
important role than that of AmiAl in the import of ComS. How-
ever, it is difficult to determine whether this is due to a higher
abundance of AmiA3 than of AmiAl or to a higher specificity of
AmiA3 for ComS. Previous proteomic results obtained by our
group (5) indicated that AmiA3 has a higher abundance factor
(3.93 = 0.37) than that of AmiA1 (2.76 = 0.35) (data not shown),
suggesting that AmiA3 is probably more abundant than AmiAl in
CDM. Indeed, the abundance factor is the ratio between the total
number of spectra obtained during the protein identification pro-
cess and the theoretical number of peptides detectable for a given
protein by mass spectrometry. In the case of AmiAl and AmiA3,
homologous proteins of the same size, these factors can be com-
pared.

We were unable to detect ComS in the extracellular medium of
a strain naturally producing this molecule by mass spectrometry
or complementation experiments with supernatants. ComS does
not seem to diffuse freely or to accumulate in the medium. How-
ever, a nonproducing strain can obtain this molecule from a strain
that produces it naturally, as shown by our coculture experiments.
In addition, ComS was detected in the supernatant from a ComS-
overproducing strain in which Ami-mediated import was im-
paired. Several hypotheses can be put forward to explain these
findings: ComS may remain stuck on the membrane after secre-
tion, or it may rapidly disappear from the cell surface, being cap-
tured rapidly by the OBPs of the Ami transporter. These situations
allow sensing of ComS by the producer bacteria as well as by bac-
teria located in the close vicinity of the producers, which is prob-
ably relevant in bacterial chains, colonies, or biofilms. Different
findings have been reported for S. mutans, as type II ComS is
released into the medium, in which it accumulates (9). The behav-
ior of type I ComS from S. thermophilus is very similar to that
reported for the PhrA signaling peptide involved in controlling
sporulation in B. subtilis. PhrA was detected only with a mutant
with impaired oligopeptide transport (Aopp), and complementa-
tion experiments were successful with cocultures but not with
supernatants. As pointed out by M. Perego, this behavior suggests
that PhrA acts in cell-to-cell communication between interacting
cells and over a short distance or that it is a more fundamental
component of a timing device (29). We addressed this question in
our system, by following the triggering of comX expression in a
ComS-nonproducing strain in response to the addition of syn-
thetic ComS,,_,, during the exponential phase of growth. Our
results suggest that cells can respond immediately to the presence
of the signal peptide, except at the beginning of the culture (when
the cells are used to inoculate fresh medium), probably because
some of the components of the cell-to-cell communication ma-
chinery must first be synthesized in sufficiently large amounts.
The response of the cells to the presence of ComsS is transient.
Following the dilution of a culture naturally producing ComS and
containing a comX-luxAB fusion to various initial ODy, values,
the expression of comX was always first detected 90 min after di-
lution and reached high levels regardless of the ODy,, except in
the least-diluted culture, in which no comX expression was de-
tected. Even if we cannot completely exclude that, whatever the
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dilution, the ComS concentration remained above the threshold
for quorum sensing detection, our findings suggest that the mech-
anism triggering comX expression resembles a timing device much
more than a quorum-sensing system. The component that is lim-
iting during the first 90 min remains to be identified. Similar re-
sults were obtained with a late competence gene, dprA, and comsS,
whose expression seems to be triggered slightly earlier, possibly
because the ComR regulator is synthesized in the vicinity of the
comS promoter. As observed with comX, no expression was de-
tected for the three genes in the least-diluted culture (ODg,, =
0.4). More experiments will be needed to explain this surprising
result, but we can hypothesize that at an OD, of 0.4, as the
cultures are less diluted, a competence inhibitor (protein or sig-
nal) is present, or that the physiological state of the cells is different
than in less-diluted cultures. The comR gene was expressed imme-
diately from the start of culture, even in the least-diluted culture.
In S. mutans, the kinetics of competence triggering is completely
different, with this state occurring at the end of the exponential
phase, at high cell density. Moreover, the addition of synthetic
ComsS to the medium leads to a linear increase in comX expression
that continues for up to 4 h (9). In this case, the type II ComS-
ComR mechanism appears to match the criteria required for a QS
mechanism more closely.

We have demonstrated that the presence of nutritional pep-
tides in CDM at the concentration found in M17 medium inhibits
the triggering of competence. A very recent work described similar
results for S. mutans, in which small peptides from brain heart
infusion (BHI) medium or tryptone suppress the XIP response
(30). The simplest explanation for this is that the Ami transporter
is saturated with the nutritional peptides, which are present at a
much higher concentration than that of ComS. This is not the only
possible explanation for the complete lack of competence devel-
opment of S. thermophilus in M17lac medium. Indeed, Boutry et
al. recently suggested that in this rich medium, MecA sequesters
ComX, allowing it to be degraded by the CIpCP complex (31). As
milk is thought to be the ecological niche of S. thermophilus, we
assessed the rate of transformation of strain LMD-9 in this me-
dium. Levels of competence in milk were lower than those in
CDM by a factor of only 10. Interestingly, the addition of synthetic
ComS,,_,, increased the transformation rate by a factor of only 3
in CDM but by a factor of 200 in milk. Thus, the LMD-9 strain is
more competent in the presence of ComS,;,_,, in milk than in
CDM, suggesting that one of the steps of the development of com-
petence (occurring after the processing of proComsS) is limiting in
CDM but not in milk. For example, the Amilevel may be higher in
milk, in which this transporter is essential for growth (25), than in
CDM. It will be interesting to study the regulation of competence
triggering in this complex medium from both fundamental and
applied research viewpoints.

In conclusion, the type I ComS-ComR mechanism of S. ther-
mophilus is clearly different from the type II ComS-ComR mech-
anism of S. mutans and the SHP-Rgg1358 QS mechanism of S.
thermophilus strain LMD-9, although it has several features in
common with these other mechanisms. The pheromones differ:
the type II ComS of S. mutans and SHP1358 are released into the
extracellular medium, although SHP1358 is more hydrophobic
than type I and type II ComS. The SHP-Rgg1358 mechanism and
probably also the type II ComS-ComR mechanism of S. mutans
act as QS mechanisms, whereas the type I ComS-ComR mecha-
nism of S. thermophilus is more likely to correspond to a timing
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device. SHP1358 and type I ComS are processed by an Eep-depen-
dent process, whereas type II ComS is not. Thus, the type Il ComS-
ComR mechanism of S. mutans seems to resemble the SHP1358
mechanism of S. thermophilus more closely than the type I ComS-
ComR mechanism of S. thermophilus. This highlights the impor-
tance of not extending the conclusions drawn from a single system
to all SHP-Rgg mechanisms.

If we compare the mechanisms controlling the expression of
comX in S. pneumoniae and S. thermophilus, it is clear that there
are differences in the extracellular step. In S. pneumoniae, the
ComC (or CSP) signal peptide, which is very different from
ComS, is detected in the extracellular medium by the ComDE
two-component system. However, the kinetics of comX expres-
sion in both species are strikingly similar, with transient triggering
early in the exponential growth phase. The ComCDE and ComS-
ComR mechanisms seem to control the timing of comX expres-
sion rather than acting as a quorum-sensing mechanism for this
gene. These similarities are probably linked to a physiological con-
straint on competence in both streptococci that has yet to be iden-
tified.
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