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ABSTRACT The phosphorelay signal transduction sys-
tem activates developmental transcription in sporulation of
Bacillus subtilis by phosphorylation of aspartyl residues of the
Spo0F and Spo0A response regulators. The phosphorylation
level of these response regulators is determined by the oppos-
ing activities of protein kinases and protein aspartate phos-
phatases that interpret positive and negative signals for
development in a signal integration circuit. The RapA protein
aspartate phosphatase of the phosphorelay is regulated by a
peptide that directly inhibits its activity. This peptide is
proteolytically processed from an inactive pre-inhibitor pro-
tein encoded in the phrA gene. The pre-inhibitor is cleaved by
the protein export apparatus to a putative pro-inhibitor that
is further processed to the active inhibitor peptide and inter-
nalized by the oligopeptide permease. This export–import
circuit is postulated to be a mechanism for timing phospha-
tase activity where the processing enzymes regulate the rate of
formation of the active inhibitor. The processing events may,
in turn, be controlled by a regulatory hierarchy. Chromosome
sequencing has revealed several other phosphatase–
prepeptide gene pairs in B. subtilis, suggesting that the use of
this mechanism may be widespread in signal transduction.

The initiation of sporulation of Bacillus subtilis is a complex
process responsive to the state of the metabolism, the envi-
ronment, and the cell cycle of an organism that has to make the
decision whether to cease vegetative growth and direct its
energies toward development. The earliest indication of the
activation of development is the transcription of genes under
the control of the Spo0A transcription factor (1). This protein
requires phosphorylation to be active and the level of Spo0A
phosphorylation is regulated by the phosphorelay signal trans-
duction system (2). The phosphorelay is a more complex
version of the typical two-component signal transduction
system used to interpret a variety of metabolic, environmental
and cell cycle signals in bacteria, fungi and plants (3–8). At
least two kinases, KinA and KinB, respond to some, as yet
unknown, sporulation-inducing signals and promote the phos-
phorylation of the Spo0F response regulator. Spo0F;P is the
substrate for a phosphotransferase, Spo0B, that transfers the
phosphate to Spo0A. The level of phosphorylated Spo0A
would reflect the activation of the kinases were it not for a
series of phosphatases that specifically dephosphorylate either
Spo0A;P or Spo0F;P. Spo0E is a phosphatase specifically
active on Spo0A;P, but the signals regulating its activity are
unknown (9). Spo0F;P is the target for RapA and RapB,
belonging to the Rap family of phosphatases. RapA and RapB
are known to be differentially activated by physiological pro-
cesses alternative to sporulation (10). These phosphatases
function to drain the phosphorelay, lower the Spo0A;P level

in the cell, and prevent sporulation. Therefore the phospha-
tases allow signals contrary to sporulation to impact on the
phosphorelay and its output product Spo0A;P. Thus, the
phosphorelay acts as a signal integration circuit permitting a
variety of signals both positive and negative to influence the
decision to initiate cellular development via competition be-
tween kinases and phosphatases (9–12).

The chemical nature of the signals acting on the kinases and
phosphatases of the phosphorelay is still obscure. It has been
proposed that extracellular factors act as positive signals of
sporulation (13). The extracellular competence factor of B.
subtilis has been shown to be a peptide (14). Extracellular
peptides are signals for competence of Streptococcus pneu-
moniae, for virulence in Staphyloccus aureus, and for plasmid
conjugation in Enterococcus faecalis and have been implicated
in control of many processes in eukaryotes (15–18). In a
previous study, it was shown that the Rap family of phospha-
tases for the phosphorelay are cotranscribed with a gene whose
protein is ultimately cleaved to produce an exported peptide
that regulates phosphatase function (19).

The phosphatase activity of RapA is modulated by a small
protein, PhrA, encoded by a gene on the same transcript as
RapA (19, 20). PhrA is a 44-amino acid protein whose
C-terminal half is exported from the cell and then presumably
reimported by the oligopeptide transport system (Opp) (19, 21,
22). Deletion of the phrA gene causes uncontrolled RapA
phosphatase activity with the consequence that sporulation is
not initiated. Using synthetic peptides in an earlier study, it was
shown that the sporulation deficiency caused by the deregu-
lated RapA activity of a phrA mutant can be complemented in
vivo using peptides comprising the last six or more C-terminal
residues of PhrA. However, none of the synthetic peptides that
were active in vivo showed inhibition of RapA phosphatase in
vitro, leaving open the question of the mechanism by which the
peptides regulated phosphatase activity (19). This report
shows that the PhrA C-terminal pentapeptide is the active
agent that inhibits RapA phosphatase activity in vitro and that
the amino acid sequence of the peptide determines target
specificity.

MATERIALS AND METHODS

Bacterial Strains and Growth Conditions. The B. subtilis
strains used in this study are the wild-type JH642 (trpC2, phe-1)
and the phrA deletion strain JH12954 (trpC2, phe-1, phrA::
pJM9233, cat) (13). Sporulation assays were carried out by the
Sterlini and Mandelstam resuspension method as described
(23). After resuspension at OD600 0.7, peptides were added at
the concentrations indicated in the figures. Cells were grown
for 24 h and then treated with CHCl3 before plating on
Schaeffer’s sporulation medium (24).

Protein Expression and Purification. PCR-generated frag-
ments containing the RapA, RapA892, and RapB coding
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sequences were cloned in the pET16b expression vector (No-
vagen), thereby adding 10 histidine codons to the 59 end of the
genes. The modified proteins were expressed in Escherichia
coli BL21 (DE3) (Novagen) by induction at OD600 0.7 with 2
mM isopropyl b-D-thiogalactopyranoside for 3 h at 37°C.
Proteins were purified in 50 mM TriszHCl (pH 8), 50 mM KCl,
5 mM 2-mercaptoethanol, 1 mM phenylmethylsulfonyl f luo-
ride, and 5% glycerol. Elution from the Ni-NTA agarose
column (Qiagen, Chatsworth, CA) was obtained with a gra-
dient of imidazole ranging from 0 to 200 mM. Proteins were
then dialyzed in 25 mM TriszHCl (pH 8), 1 mM DTT, and 5%
glycerol. Purification of KinA and Spo0F was as described by
Grimsley, et al. (25).

In Vitro Assay Conditions. Spo0F (10 mM) was phosphory-
lated by KinA (0.1 mM) in reaction mixtures containing 50 mM
N-(2-hydroxyethyl) piperazine-N9-(3-propanesulfonic acid)
(EPPS) (pH 8.5), 20 mM MgCl2, 100 mM EDTA, 5% glycerol,
1.8 mM ATP, and 1.8 mCiyml of [g-32P]ATP (.6,000 Ciy
mmol; 1 Ci 5 37 GBq). Reactions were incubated at room
temperature for 1 h. Rap proteins (5 mM) or premixed (5 min
at 0°C) Rap proteins and Phr peptides were then added to 20
ml aliquots of phosphorylation mix and further incubated for
30 min at room temperature. Reactions were stopped by the
addition of loading buffer and 10 ml were run on 15%
SDSyglycineypolyacrylamide gels at constant current (25
mAmp) for 1.5 h. Gels were immediately exposed to Kodak
X-OMAT RP films for 1.5 h at 280°C with an intensifying
screen and then exposed to PhosphorImager (Molecular Dy-
namics) for quantitative analysis.

Synthetic Phr peptides were resuspended in 50 mM K-
phosphate buffer (pH 7.8). Peptide concentrations were de-
termined by amino acid analysis.

RESULTS

The PhrA Peptide Specifically Inhibits RapA Phosphatase
Activity. To assess the effect of residue length as a possible
determinant in peptide inhibition, a chemically synthesized
PhrA peptide comprising the last five amino acids at the
C-terminal end of the PhrA protein (PhrApep5: ARNQT) was
tested in vitro on RapA activity. Spo0F was phosphorylated by
KinA and [g-32P]ATP and then exposed to dephosphorylation
by RapA. In the presence of increasing concentrations of
PhrApep5, dephosphorylation of Spo0F;P by RapA was
inhibited (Fig. 1A, lanes 3–9). PhrApep5 at 200 mM versus
RapA at 5 mM resulted in about 50% inhibition of phosphatase
activity. The PhrA hexapeptide (PhrApep6: AARNQT) was
also tested and some activity was observed, but no more than
10% inhibition of RapA dephosphorylation activity was de-
tected when used at 200 mM concentration (Fig. 1 A, lanes
10–13). To determine if the inhibitory activity was specific for
RapA, the PhrA pentapeptide was tested in vitro on another
member of the Rap family, RapB. RapB-specific dephosphor-
ylation of Spo0F;P was not inhibited by PhrApep5 at any of
the concentrations inhibiting RapA (Fig. 1B). To test whether
RapA could be inhibited by other related pentapeptides, we
synthesized a peptide whose sequence corresponds to the last
five amino acids of the PhrC protein. PhrC belongs to the Phr
family of secreted peptides associated with the phosphatases of
the Rap family and has been isolated from culture superna-
tants as a pentapeptide (26). The PhrC pentapeptide
(PhrCpep5: ERGMT) was tested in vitro against the RapA
protein, but no inhibition of phosphatase activity was observed
(Fig. 1C). PhrCpep5, along with a PhrC hexapeptide as a
control (PhrCpep6: TERGMT) was also tested on RapB.
RapB is an exception among the Rap family of phosphatases
since its structural gene is not followed by an active peptide-
encoding gene (12). RapB was slightly sensitive to PhrCpep5,
and no more than 25% inhibition of phosphatase activity was
obtained with a 40-fold excess of peptide (Fig. 1D, lanes 3–9).

RapB was not inhibited by PhrCpep6 (Fig. 1D, lanes 10–13).
To test whether the inhibition of RapA by PhrA was affected
by the presence of KinA, fast protein liquid chromatography-
purified Spo0F;P was incubated with the phosphatase in the
presence or absence of increasing concentrations of PhrA
pentapeptide. The results were comparable to the ones ob-
tained in unpurified conditions, indicating that PhrA activity
is independent of KinA (data not shown). Thus, the PhrA
pentapeptide is the active molecule specifically inhibiting
RapA phosphatase activity and there is no cross-reactivity with
the PhrC peptide.

PhrA pep5 Activity in Vivo. The potential for inhibition of
RapA activity by the synthetic peptides was also tested in vivo
by means of a sporulation assay. It was previously shown that
the sporulation-deficient phenotype of a phrA deletion mutant
(strain JH12954) could be complemented by exogenously
provided synthetic peptides corresponding in sequence to the
C terminus of PhrA (19). Increasing concentrations of
PhrApep5 or PhrApep6 were added to JH12954 cells and the
sporulation efficiency was tested. As shown in Fig. 2,
PhrApep5 and PhrApep6 were equally efficient in comple-
menting the phrA mutation, and sporulation proficiencies
comparable to the wild-type strain were achieved by the
addition of peptides at 10 mM concentration. Perhaps an
aminopeptidase activity converts PhrApep6 to the pentapep-
tide in vivo accounting for their equal sporulation-inducing
efficiencies. The PhrC peptides were also tested on strain
JH12954, but no significant increase in sporulation was ob-
served (data not shown). No effect was also observed when
PhrApep5 was provided to a culture of the wild-type strain
JH642 (Fig. 2).

FIG. 1. Specificity of Rap phosphatase inhibition by Phr pentapep-
tides. Inhibition of Rap phosphatase activity by the Phr peptides results
in decreased dephosphorylation of Spo0F;P. Reactions in lane 1 are
the control containing KinA (0.1 mM) and Spo0F (10 mM) only,
whereas lane 2 shows the level of dephosphorylation obtained by
RapA (5 mM) (A and C) or RapB (5 mM) (B and D). Reactions were
carried out as described. (A) Increasing concentrations of PhrApep5
result in decreased dephosphorylation of Spo0F;P by RapA.
PhrApep6 also shows some inhibition but at extremely reduced
efficacy. PhrApep5 was added at 10, 20, 30, 40, 50, 100, and 200 mM,
in lanes 3–9, respectively; PhrApep6 was added at 10, 50, 100, and 200
mM in lanes 10–13, respectively. (B) PhrApep5 does not inhibit RapB
activity. PhrApep5 was added at 10, 30, 50, 100, and 200 mM in lanes
3–7, respectively. (C) PhrCpep5 does not inhibit RapA activity.
PhrCpep5 was added at increasing concentrations as in B. (D)
PhrCpep5 moderately inhibits Spo0F;P dephosphorylation by RapB.
Increasing concentrations of PhrCpep5 (lanes 3–9) and PhrCpep6
(lanes 10–13) were added as in A.
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The RapA892 Phosphatase Is Insensitive to PhrA Inhibi-
tion. The spo0L892 allele of the rapA gene was originally
identified as missense mutation P259L (10). Because this
protein retains the same enzymatic activity as the wild-type
form in in vitro dephosphorylation assays of Spo0F;P, we
predicted that the sporulation-deficient phenotype in vivo was
due to the inability to respond to modulation carried out by an
effector molecule. In the same assay conditions used to test the
sensitivity of RapA wild-type protein to peptide inhibition, the
phosphatase activity of RapA892 was unaffected by the PhrA
penta- and hexapeptides (Fig. 3A). Insensitivity was shown
toward the PhrC penta and hexapeptides as well (Fig. 3B). The
insensitivity of RapA892 to inhibition by PhrA in vitro is thus
consistent with the phenotype caused by the spo0L892 muta-
tion in vivo.

Target Specificity Is Encoded in the Pentapeptide Amino
Acid Sequence. The observation that PhrApep5 is active on
RapA but inactive on RapB, and that PhrCpep5 inhibits RapB
but not RapA, raises the question of what mechanism rules the
specificity of target recognition. A peptide structure-based
mechanism seems unlikely because pentapeptides are unlikely
to have a stable quaternary structure. Therefore, it seems more
probable that target specificity is amino acid sequence-
dependent. In an attempt to decipher the five amino acid code
embedded in the sequence of the pentapeptides, a series of

modified peptides was synthesized and tested for specificity
versus RapA or RapB. PhrApep5 and PhrCpep5 have in
common an arginine residue at position 2, from the N-terminal
end, and a threonine residue at position 5. These residues are
present in the same location in the majority of phr genes
defined as small ORFs located downstream of genes encoding
other members of the Rap family of phosphatases (12). Hence,
the amino acid residues at the remaining three positions are
candidates for being the determinants of peptide specificity.
Modified PhrA or PhrC pentapeptides were designed to
contain a single amino acid substitution at position 1, 3, or 4,
replacing the residue on one peptide with the corresponding
one on the other peptide (Fig. 4A). The ability of these
modified peptides to inhibit phosphatase activity was tested on
RapA and RapB and the results are shown in Fig. 4 B and C.
The modified forms of PhrCpep5 (pep 878, 879, and 880) did
not acquire any ability to inhibit RapA (Fig. 4B, lanes 5–7).
However, the G to N modification in position 3 resulted in a
peptide (pep 879) more highly active in inhibiting RapB than
the PhrCpep5 itself (Fig. 4C, lane 6 versus lane 4; 85% and
10% inhibition, respectively). The amino acid replacements in
pep 878 and 880, on the contrary, resulted in loss of activity
toward RapB (Fig. 4C, lanes 5 and 7). The Q-to-M modifica-
tion at position 4 of PhrApep5 generated a peptide (pep 881)
retaining partial activity toward RapA (60% compared with
PhrApep5) (Fig. 4B, lane 8) but also 3-fold more active than
PhrCpep5 in inhibiting RapB (Fig. 4C, lane 8). Pep 882 (N to
G modification in position 3 of PhrApep5) was inactive while
pep 883 (A to E change at position 1) slightly inhibited both
RapA and RapB (lane 10, Fig. 4 B and C, respectively). The
modified peptides were also tested on RapA892, but no
inhibitory activity was detected (data not shown).

Peptide activities in vivo were tested by means of comple-
mentation assays of the sporulation-deficient phenotype of the
phrA mutant strain JH12954. When the modified peptides (pep
878–883) were individually added to a culture of JH12954 at
a concentration of 10 mM, sporulation was restored by pep 881

FIG. 2. In vivo complementation of a phrA mutant (JH12954)
(open symbols) by exogenously provided Phr peptides. Sporulation
assays were performed by the Sterlini and Mandelstam resuspension
method (23). Peptides were added at the concentration indicated. M,
PhrApep5; E, PhrApep6; m, JH642.

FIG. 3. The spo0L892 mutant form of RapA (P259L) is insensitive
to PhrA peptide inhibition. Phosphorylation of Spo0F (10 mM) was
carried out as in Fig. 1 (lane 1) and as described in Materials and
Methods. Purified RapA892 was used at 5 mM final concentration and
added to the reaction in the absence (lane 2) or presence of pen-
tapeptides at 10, 20, 30, 40, 50, 100, and 200 mM final concentration
(lanes 3–9, respectively) or exapeptide at 10, 50, 100, and 200 mM
(lanes 10–13, respectively). (A) PhrApep5 (lanes 3–9) or PhrApep6
(lanes 10–13). (B) PhrCpep5 (lanes 3–9) or PhrCpep6 (lanes 10–13).

FIG. 4. Phr peptide sequence-dependent specificity for target
recognition. (A) Amino acid sequence of PhrA and PhrC pentapep-
tides and their modified forms obtained by single amino acid replace-
ment at position 1, 3, and 4 of PhrApep5 with the corresponding
residue of PhrCpep5 and vice versa. The ability of the mutant peptides
to inhibit RapA (B) or RapB (C) phosphatase activity (5 mM) on
Spo0F;P (10 mM) was tested in the standard reaction conditions
described in Materials and Methods. Peptides were all used at 200 mM
final concentration. The control level of Spo0F phosphorylation is
shown in lane 1 whereas the dephosphorylation of Spo0F;P by RapA
or RapB is in lane 2. Lanes 3–10 contain the peptides in the order
indicated by the numbers in parentheses.
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at '50% of efficiency compared with PhrApep5. The remain-
ing peptides, however, showed some low level of activity
ranging between 1% and 6% compared with the activity of
PhrApep5 (Fig. 5A). These in vivo results could be accounted
for by incidental activity of the peptides on Rap phosphatases
acting on signal transduction systems that indirectly affect
sporulation. To test in vivo peptide activity on RapB, we took
advantage of the observation that a multicopy vector carrying
the rapB coding gene produces a stage 0 sporulation defect in
otherwise wild-type cells. When the wild-type strain JH642
carrying the multicopy rapB plasmid pIPB213A (10) was grown
in the presence of 10 mM pentapeptides, sporulation was
partially restored by peptide 879 (13% of spores compared
with the control strain carrying only the vector without the
rapB gene). Less than 1% of spores were obtained with pep
880, 881, and 883 as well as PhrCpep5, whereas PhrApep5, pep
878, and pep 882 were entirely inactive (Fig. 5B). This analysis
shows that single amino acid changes at the variable residues
within PhrApep5 and PhrCpep5 remarkably affect peptide
activity and specificity toward the target phosphatase in vitro
and in vivo.

DISCUSSION

The experiments described in this communication were de-
signed to shed light on the regulation of RapA phosphatase
activity by the product of the phrA gene. Fig. 6 schematically
depicts what we know and what we believe about the regulation
of this system. The rapA operon is induced by the ComA

regulator whose role is little understood but necessary for the
induction of the competent state. We believe that competence
and sporulation are processes that cannot occur simulta-
neously in the same cell and in order to ensure this, ComA
induces the rapA operon to prevent sporulation. The RapA
phosphatase is clearly an inhibitor of sporulation in vivo and
functions by dephosphorylating the Spo0F;P response regu-
lator (10). The phrA gene is known to regulate the RapA
phosphatase but not by regulating transcription of the rapA
operon (19). Through complementation studies it was shown
that the last six residues of the phrA gene product could
function as a regulator of RapA phosphatase in vivo (19). The
studies presented here show that the regulation is accom-
plished by direct inhibition of the phosphatase activity by the
last five residues of the phrA gene product.

There are several reasons to believe that the journey of the
phrA gene product to a final pentapeptide inhibitor involves
export from the cytoplasm and subsequent importation back to
the cytoplasm. The PhrA sequence consists of an amino-
terminal signal sequence and signal peptidase consensus site
followed by 19–20 C-terminal residues suggesting that the
C-terminal residues are exported (19, 27). The oligopeptide
permease (Opp) is required for the system to function (19, 21,
22). An opp mutant is sporulation deficient and may be
restored to sporulation proficiency by deletion of the rapA
gene suggesting that the opp mutation disturbs the regulation
of RapA (19). Suppression of the sporulation deficiency of the
opp mutant may also be accomplished by the Y13S mutation
of Spo0F which prevents the RapA phosphatase from dephos-
phorylating Spo0F;P (10, 19). Thus, the oligopeptide per-
mease is deeply implicated in the PhrA regulatory circuit.
Unless this permease has some function other than import of
peptides, the data are best interpreted by an obligation to
import the final inhibitor from the outside.

The formation of the active peptide inhibitor appears to
require a sequence of proteolytic events. The primary protein
product of the phrA gene may be viewed as a pre-inhibitor
peptide translated from the same transcript as the RapA
phosphatase. The pre-inhibitor is inactive allowing the RapA
phosphatase to function. The pre-inhibitor peptide is exported
to the outside of the cell membrane, presumably in pro-
inhibitor form consisting of the C-terminal 19–20 amino acids
of PhrA. To produce the 5-amino acid active inhibitor, the
pro-inhibitor must be subject to at least one more proteolytic
cleavage. This cleavage is likely to occur on the outside surface

FIG. 5. In vivo assay of modified pentapeptides. Sporulation assays
were carried out with the resuspension method of Sterlini and
Mandelstam (23). (A) Strain JH12954 carrying a deletion of the PhrA
coding gene was resuspended in the sporulation medium in the
presence of peptides at 10 mM final concentration. The wild-type level
of sporulation is given by strain JH642 (lane 1), whereas strain
JH12954 grown in the absence of peptides is shown in lane 2.
PhrApep5, PhrCpep5, pep 878, pep 879, pep 880, pep 881, pep 882, and
pep 883 were added to the cultures represented in lanes 3–10,
respectively, and the number of spores per ml is shown by the bars. (B)
Strain JH642 carrying the rapB multicopy plasmid pIPB213A was
grown in the presence of 5 mgyml chloramphenicol (Cm). The
wild-type control strain was JH642 carrying the multicopy vector
pBS19 (lane 1). Lane 2 shows the level of sporulation of JH642y
pIPB213A in the absence of peptides, whereas lanes 3–10 show the
number of spores per ml obtained by the addition of peptides (10 mM)
as in A.

FIG. 6. Modulation of the phosphorelay by the PhrA peptide
export–import circuit that regulates the RapA phosphatase activity.
RapA is induced by ComA;P and prevents sporulation during
competence development by dephosphorylating Spo0F;P. PhrA is
first exported, processed, and then imported by the oligopeptide
transport system as a pentapeptide. The PhrA pentapeptide directly
inhibits RapA activity, thereby allowing sporulation to initiate.
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of the membrane because the uptake of the active peptide
inhibitor depends on the oligopeptide permease, OppA, the
structure of which is designed for peptides up to 5 amino acids
long and is very unlikely to bind and transport a peptide the
size of the pro-inhibitor (28). Internalization of the inhibitor
peptide results in inhibition of the phosphatase and suppres-
sion of the inhibition of sporulation. Because the stoichiometry
of inhibition of RapA by chemically synthesized PhrA peptide
in vitro significantly differs from unity, it remains possible that
the natural peptide is subject to further posttranslational
modification before it is fully active in vivo.

The rationale for the cell developing an export–import
control circuit for regulating the RapA phosphatase is open to
speculation. Does the peptide or one of its precursor forms
carry out an extra cytoplasmic function? We originally thought
that the peptide could act as a quorum sensor (19), but there
are other, equally likely possibilities that fit all the available
data. The peptide may affect some periplasmic enzymes or
surface proteins and function as an extra cytoplasmic regulator
by acting as a communication pathway from the inside to the
outside. Alternatively, the processing of the pre-inhibitor to
the final inhibitor pentapeptide could represent a means for
extra cytoplasmic events to regulate the length of time the
phosphatase is active. If ComA-induced events required both
internal and external processes to be completed, the induction
of sporulation would be delayed until the production and
importation of the peptide that inhibits the phosphatase and
allows the phosphorelay to induce sporulation. The processing
of the pre-inhibitor would therefore be a control circuit with
the processing enzymes acting as checkpoints. The removal of
signal peptides occurs by signal peptidases that are redundantly
encoded by at least three genes in B. subtilis (29, 30). Genetic
studies have revealed that the capacity for protein secretion in
this organism may be modulated through temporally con-
trolled expression of signal peptidase genes and the specificity
for secretion is dependent on the particular signal peptidase
being expressed (29). Thus, the processing of the pre-inhibitor
to pro-inhibitor may be dependent on the presence of a specific
signal peptidase whose control affects the time interval that
the phosphatase is active. Interestingly, the sipS gene for one
signal peptidase is regulated by the DegS–DegU signal trans-
duction system that is highly associated with later events in the
competence pathway (29, 31).

Regardless of the ultimate role of the peptide, its journey
through this export–import circuit represents a timing device
that controls the length of time the RapA phosphatase is
active. Transcription of the rapA operon has the immediate
effect of blocking sporulation and this block is not released
until the PhrA pentapeptide is reimported. Therefore any
delay in importation of the peptide for extracellular or com-
munication purposes will prolong the block in sporulation by
increasing the time interval the phosphatase is active. There is
no evidence that the peptide is a pheromone or quorum sensor
for sporulation (32); in fact, in the rapA–phrA mutant, the cells
sporulate perfectly well, even better than a wild-type strain.
Furthermore, in this mutant competence development is se-
verely reduced in length and efficiency. In contrast, in a mutant
carrying a RapA protein insensitive to the PhrA peptide,
sporulation is inhibited and competence is prolonged in time
(unpublished results). These observations are consistent with
the idea that PhrA is required for timing coordination of the
competence and sporulation events.

Although attempts to isolate the PhrA peptide have never
been made our previous studies showed that little physiolog-
ically detectable peptide is found in culture supernatants of
wild-type strains compared with opp deficient strains (19). We
believe that the PhrA peptide is only exported to the cell wall
and not necessarily secreted into the medium and its activity
is a self-regulatory mechanism for timing intracellular devel-
opmental events.

Phr specificity for target recognition is dependent upon the
amino acid sequence of the peptides. Single amino acid
substitutions can severely affect pentapeptide activity and
specificity. This suggests that the active site for peptide binding
on the phosphatase must be shaped to accommodate only
specific peptides on the basis of potentially favorable interac-
tions with the ligand. The highly conserved R and T residues
at positions 2 and 5 of the Phr peptides may represent the sites
of common interaction which define an orientation for bound
peptides to Rap phosphatases. Amino acids at positions 1, 3,
and 4 of Phr peptides are the determinants of specificity
presumably through the interactions established by their side
chains. This is reminiscent of the binding of phosphorylated
peptides to the Src SH2 domain of Src-related tyrosine kinases
(33).

It is clear that phosphorylation-dependent signal transduc-
tion systems are modulated by the competition of kinases and
phosphatases to regulate the output of the system. The func-
tions of peptides are well known in high eukaryotes and now
they are assuming an increasingly important role in the control
of signal transduction in lower eukaryotes and bacteria as well.
In the scheme of cell development in B. subtilis, peptides serve
as direct regulators of phosphatases in signal transduction.
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