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SUMMARY

Bacteria can respond to adverse environmental
conditions by drastically reducing or even ceasing
metabolic activity. They must then determine that
conditions have improved before exiting dormancy,
and one indication of such a change is the growth
of other bacteria in the local environment. Growing
bacteria release muropeptide fragments of the cell
wall into the extracellular milieu, and we report here
that these muropeptides are potent germinants of
dormant Bacillus subtilis spores. The ability of a mur-
opeptide to act as a germinant is determined by the
identity of a single amino acid. A well-conserved,
eukaryotic-like Ser/Thr membrane kinase containing
an extracellular domain capable of binding peptido-
glycan is necessary for this response, and a small
molecule that stimulates related eukaryotic kinases
is sufficient to induce germination. Another small
molecule, staurosporine, that inhibits related eukary-
otic kinases blocks muropeptide-dependent germi-
nation. Thus, in contrast to traditional antimicrobials
that inhibit metabolically active cells, staurosporine
acts by blocking germination of dormant spores.

INTRODUCTION

Bacterial shape and cellular resistance to cytoplasmic turgor

pressure are determined by peptidoglycan (PG), a polymer of

repeated subunits of an N-acetylglucosamine (GlcNAc) and

N-acetylmuramic acid (MurNAc) peptide monomer that sur-

rounds the cytoplasmic membrane (Figure 1A). Covalent interac-

tions between the stem peptides arising from separate chains

typically crosslink the GlcNAc-MurNAc polymers, although in

some organisms this crossbridge is composed of one or more

amino acids. Most Gram-positive bacteria contain an L-lysine

residue at the third position of the stem peptide (Figure 1B,

left), whereas Gram-negative bacteria and most endospore

formers have an m-Dpm (meso-diaminopimelic acid) residue in

this position (Figure 1B, right).
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Peptidoglycan fragments serve as signals in a range of

host-microbe interactions including B. pertussis infection and

V. fischeri-squid symbiosis (Cloud-Hansen et al., 2006). They

also stimulate the innate immune response (Hasegawa et al.,

2006) by binding to host proteins like Nod1 (Girardin et al.,

2003). Peptidoglycan fragments are generated by growing cells

as peptidoglycan hydrolases and amidases partially digest the

mature peptidoglycan to allow insertion of additional peptidogly-

can monomers (Doyle et al., 1988). While Gram-negative bacte-

ria can efficiently recycle the resulting muropeptides, the lack of

a similar recycling system in Gram-positive bacteria results in the

release of large quantities of peptidoglycan fragments into the

extracellular milieu by growing cells (Doyle et al., 1988; Mauck

et al., 1971).

Dormant bacteria must monitor nutrient availability so that

they can reinitiate metabolism when conditions become favor-

able. This could be accomplished by determining changes in

the levels of individual nutrients. Alternatively, the growth of other

bacteria in the environment would also indicate the presence of

favorable conditions. Since growing bacteria release muropepti-

des into the environment, these molecules could serve as an

intercellular growth signal to dormant bacteria.

Some Gram-positive species produce dormant spores under

conditions of nutritional limitation. These cells are resistant to

harsh environmental conditions and can survive in a dormant

state for years (Nicholson et al., 2000). Spores exit from dor-

mancy via the process of germination that is triggered by specific

molecules known as germinants. Most spore-forming bacteria

encode several germination receptors; for example, the B. sub-

tilis GerAA/AB/AC proteins are necessary for germination in

response to L-alanine. GerAA and GerAB are integral membrane

proteins and GerAC is a putative lipoprotein. GerAA and GerAC,

and GerBA, a GerAA homolog, are located in the inner mem-

brane of the spore (Hudson et al., 2001; Paidhungat and Setlow,

2001) where they are positioned to detect germinants that can

pass through the outer layers of the spore. The precise chemical

nature of germinants varies according to the species, and al-

though they are typically nutrients, these molecules are not me-

tabolized. The amino acid L-alanine or a mixture of asparagine,

glucose, fructose, and potassium ions germinates B. subtilis

spores, whereas L-proline germinates B. megaterium spores

and purine ribonucleosides and amino acids act as co-germi-

nants for B. anthracis spores (Setlow, 2003).
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High concentrations of nutrient germinants would be consis-

tent with the ability of the environment to support the growth of

germinated spores. However, a more integrated determination

of this ability is the growth of other microbes in the environment,

and this growth would be indicated by the presence of released

muropeptides. How might dormant spores recognize these mur-

opeptides? One protein sequence hypothesized to bind peptido-

glycan is the PASTA (‘‘penicillin and Ser/Thr kinase associated’’)

repeat found in the extracellular domain of membrane-associ-

ated Ser/Thr kinases as well as in some proteins that catalyze

the transpeptidation reaction in cell wall synthesis. The PASTA

domain is a small (�55 aa) globular fold consisting of 3 b sheets

and an a helix, with a loop region of variable length between the

first and second b strands (Yeats et al., 2002). While the presence

of PASTA domains in proteins that interact with peptidoglycan

suggests that these domains may mediate this interaction, the

binding of PASTA domains to peptidoglycan has not been

demonstrated.

The cytoplasmic kinase domain of M. tuberculosis PknB, the

essential PASTA-domain-containing Ser/Thr kinase, is structur-

ally homologous to eukaryotic Ser/Thr kinases (Young et al.,

2003). Consistent with this homology, PknB phosphorylates

several proteins, including a transcriptional activator (Sharma

et al., 2006) and a cell division protein (Dasgupta et al., 2006).

The closely related B. subtilis PASTA-domain-containing Ser/

Thr kinase, PrkC, phosphorylates elongation factor G (EF-G)

both in vivo and in vitro. EF-G is an essential ribosomal GTPase

involved in mRNA and tRNA translocation (Gaidenko et al.,

2002), and although the activity of its eukaryotic homolog,

eEF-2 (Ryazanov et al., 1988), is regulated by phosphorylation,

Figure 1. Peptidoglycan Structure

(A) B. subtilis peptidoglycan is composed of chains of N-acetylglucos-

amine (GlcNAc) and N-acetylmuramic acid (MurNAc) attached to stem

peptides. Bonds (green) between m-Dpm and D-Ala residues arising

from separate chains crosslink the GlcNAc-MurNAc polymers. The vast

majority of the D-Ala residues that are not in crosslinks (>95%) are

removed, leaving the tripeptides, and only 40% of the peptides are cross-

linked. Mutanolysin (red) hydrolyzes the b-1,4 bond between the MurNAc

and GlcNAc sugars.

(B) Most Gram-positive bacteria (e.g., S. aureus) contain an L-Lys residue

at the 3rd position of the stem peptide (left). Gram-negative bacteria and

most spore formers (except B. sphaericus) have an m-Dpm residue in this

position (right).

(C) Structure of disaccharide tripeptide.

similar data are not available for EF-G. While PrkC is not

essential, DprkC strains have decreased viability (�1 log)

following incubation in stationary phase for >24 hr (Gaidenko

et al., 2002) and are moderately defective for sporulation

(Madec et al., 2002).

Here we show that muropeptides, purified peptidoglycan

or supernatants derived from cultures of growing cells, are

potent germinants of dormant B. subtilis spores. Diverse

bacteria can serve as the source of these molecules, but

the identity of a single amino acid residue in the peptidogly-

can stem peptide determines its ability to induce germina-

tion. PrkC is necessary for this germination response, and

several small molecules known to affect the activity of related

eukaryotic kinases either stimulate or inhibit germination.

RESULTS

Cell-free Supernatant Causes B. subtilis

Spores to Germinate
Dormant bacteria must continuously monitor conditions so that

they can reinitiate metabolism when conditions become favor-

able. The growth of other bacteria in the local environment would

reflect such changes, and this growth could be assayed by de-

tecting released metabolic byproducts. These molecules would

then serve as a signal for dormant cells that conditions condu-

cive to growth are present. For example, dormant spores would

be germinated by supernatants derived from growing bacterial

cultures.

We tested this possibility by growing B. subtilis and removing

the cells from the supernatant by repeated filtration. Germination

was assayed by measuring loss of heat resistance because

dormant, but not germinated, spores are resistant to wet heat.

Incubation of cell-free supernatants from B. subtilis cultures

induced germination of dormant spores (Figure 2A, squares).

This germination caused phase bright spores to become phase

dark (Figure S1 available online) and occurred with similar kinet-

ics as seen with nutrient germination (Figure S2). However, cell-

free supernatants from the Gram-positive bacterium S. aureus

did not induce germination, indicating that the stimulatory

component was not generated by this species (Figure 2A, dia-

monds). Supernatants from E. coli cultures were also effective,

albeit with decreased potency (Figure 2A, circles). The reduced
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effectiveness of E. coli supernatants likely results from the pres-

ence of the outer membrane that acts as a permeability barrier for

hydrophilic compounds in the periplasm (Beveridge, 1999) and

therefore inhibits the release of molecules from the cell. However,

the ability of cell-free supernatants derived from a Gram-positive

and a Gram-negative species to induce germination suggests

that the molecule(s) responsible are likely to be released by a phy-

logenetically broad range of bacteria. Finally, since supernatants

isolated from cells transferred to non-growth medium failed to

efficiently germinate spores (Figure S3), these molecules are

likely to be produced only by growing cells.

Peptidoglycan Causes B. subtilis Spores to Germinate
The increased spore germination induced by B. subtilis cell-free

supernatant as compared to E. coli is consistent with the larger

release of peptidoglycan fragments by Gram-positive as com-

pared to Gram-negative bacteria (Goodell and Schwarz, 1985).

Thus, peptidoglycan fragments may act as a spore germinant.

To examine this possibility, we purified peptidoglycan from

growing B. subtilis cells and digested it into muropeptides with

mutanolysin, an enzyme that hydrolyzes the b-1,4 bond between

the MurNAc and GlcNAc sugars (red arrow, Figure 1A). Concen-

trations of peptidoglycan as low as�0.1 pg/ml induced germina-

tion (Figure 2B), indicating that spores detected one or more

peptidoglycan fragments. This amount of peptidoglycan corre-

sponds to <1 B. subtilis cell based on our isolation of �100 mg

peptidoglycan from a 100 ml B. subtilis culture grown to an opti-

cal density (OD) of 1.2. B. subtilis peptidoglycan also germinated

spores generated by other Bacilli including B. anthracis and

B. megaterium (data not shown), indicating that the peptidogly-

can germination signal is not genus specific.

Bacterial peptidoglycan is often covalently associated with

proteins and the anionic polymer teichoic acid. However, treat-

Figure 2. Peptidoglycan Germinates Bacterial

Spores

(A) Cell-free supernatant prepared from growing

B. subtilis PY79 (squares), E. coli DH5a (circles), or

S. aureus Newman (diamonds) at a range of dilutions

incubated with B. subtilis spores for 60 min.

(B) B. subtilis mutanolysin-digested peptidoglycan at

a range of concentrations incubated with wild-type

B. subtilis spores for 60 min.

(C) Disaccharide tripeptide at a range of concentra-

tions incubated with wild-type B. subtilis spores for

60 min. Error bars represent standard deviation (SD)

for triplicate samples.

ment of peptidoglycan with the proteases

pronase and trypsin did not reduce its ability

to act as a germinant (data not shown). In

addition, peptidoglycan generated from a

B. subtilis tagO mutant that is unable to syn-

thesize teichoic acids (D’Elia et al., 2006) is

similarly active as a germinant (data not

shown). Thus, peptidoglycan fragments them-

selves are most likely to be the spore germi-

nant. Further, peptidoglycan isolated from

the spore cortex fails to efficiently function as a spore germinant

(Figure S4), indicating that only peptidoglycan released by or iso-

lated from vegetative cells functions as a germinant.

Muropeptides Act as Spore Germinants
The ability of both purified mutanolysin-digested peptidoglycan

and cell-free supernatant to germinate spores suggested that

muropeptides present in both preparations were responsible. To

examine this possibility, we used high-performance liquid chro-

matography to separate mutanolysin-digested B. subtilis peptido-

glycan into its muropeptide constituents. Incubation of disaccha-

ride tripeptides with dormant B. subtilis spores at concentrations

as low as 1 mM (Figure 2C) led to germination. In addition, disac-

charide tetrapeptides were equivalently effective as germinants

(data not shown). However, the concentrations of purified disac-

charide tripeptides required for a germination response (mM) are

higher than the concentration of muropeptides resulting from di-

rectly digesting peptidoglycan with mutanolysin (pM). One likely

explanation for this difference is the substitution of muramic acid

to muramitol due to a reduction step before HPLC purification.

Further, both muramyl dipeptide (1 mM, data not shown) and an

Ala-D-g-Glu-Dpm tripeptide (500 mM, data not shown) failed to in-

duce germination, suggesting that both the disaccharide and the

third residue in the stem peptide play an important role. Thus, a

disaccharide tripeptide appears to be the minimal chemical unit

sufficient to germinate spores. Interestingly, a similar requirement

is observed with a human peptidoglycan recognition protein het-

erodimer that binds tracheal cytotoxin where the disaccharide

bridges the two proteins (Chang et al., 2006; Lim et al., 2006).

Muropeptide Specificity
The ability of both supernatants derived from cultures of growing

B. subtilis and E. coli, but not S. aureus, to induce germination
488 Cell 135, 486–496, October 31, 2008 ª2008 Elsevier Inc.



(Figure 2A) could be the result of the presence of an m-Dpm res-

idue in the third position of their stem peptides (Figure 1B, right).

S. aureus, like most Gram-positive bacteria, has an L-Lys at that

position (Schleifer and Kandler, 1972), so the identity (m-Dpm

versus L-Lys) of the third residue in the stem peptide could

play an important role in recognition of peptidoglycan by spores.

We examined this possibility by purifying peptidoglycan from

a number of Gram-positive species that contain different amino

acids at the third position of the stem peptide and assaying their

ability to induce germination. Consistent with our prediction, only

peptidoglycan containing m-Dpm at the third position acted as

a germinant (Table 1). Peptidoglycan derived from the spore-

former Bacillus sphaericus that, in contrast to all other Bacilli,

contains an L-Lys at this position (Hungerer and Tipper, 1969)

did not induce germination, highlighting the importance of this

residue. Both the mammalian Nod1 protein selectively binds

peptidoglycan fragments containing m-Dpm (Girardin et al.,

2003) and the human peptidoglycan recognition protein hetero-

dimer binds tracheal cytotoxin where the m-Dpm residue is the

primary specificity determinant (Chang et al., 2006; Lim et al.,

2006). Thus, the identity of the amino acid in the third position

of the stem peptide is critical for the recognition of peptidoglycan

by phylogenetically diverse proteins.

Muropeptides Are Recognized by a Novel
Germination Pathway
Nutrient germinants are detected by germination receptors

located in the spore membrane. Since peptidoglycan fragments

still germinated spores lacking all five previously identified ger-

mination receptors (Paidhungat and Setlow, 2000), these recep-

tors were not involved in this response (Figure S1). Therefore, to

identify the relevant receptor for peptidoglycan fragments during

germination, we examined bacterial membrane proteins known

or hypothesized to bind peptidoglycan. Diverse bacteria, includ-

Table 1. Role of Third Residue of Stem Peptide in Germination

Species Peptide Germination

Bacillus subtilis m-Dpm + (85% ± 6)

Bacillus anthracis m-Dpm + (65% ± 8)

Bacillus megaterium m-Dpm + (57% ± 4)

Bacillus sphaericus L-Lys � (6% ± 5)

Clostridium acetobutylicum m-Dpm + (72% ± 8)

Listeria monocytogenes m-Dpm + (67% ± 3)

Streptomyces coelicolor L,L-Dpm + (77% ± 3)

Enterococcus faecalis L-Lys � (10% ± 4)

Staphylococcus aureus L-Lys � (5% ± 4)

Streptococcus pyogenes L-Lys � (8% ± 6)

Lactobacillus lactis L-Lys � (3% ± 2)

Peptidoglycan isolated from different Gram-positive bacteria was incu-

bated at concentrations of 100 mg/ml and 100 ng/ml with wild-type

B. subtilis spores for 60 min. The presence of an L-Lys or an m-Dpm

residue in the third position of the stem peptides is indicated: (+) >50%

of the spores were heat sensitive in the presence of both concentrations

of peptidoglycan; (�) no increase in heat sensitivity was observed in the

presence of peptidoglycan.
ing all known spore-forming bacteria, have at least one eukary-

otic-like Ser/Thr membrane kinase containing multiple PASTA

repeats in their extracellular domains (Figure 3A); these repeats

have been hypothesized to recognize the peptidoglycan stem

peptide (Jones and Dyson, 2006; Yeats et al., 2002). We there-

fore asked whether the B. subtilis member of this family, PrkCBs,

is involved in peptidoglycan-dependent spore germination.

Mutant spores lacking PrkCBs (DprkC) failed to germinate in

the presence of peptidoglycan fragments or purified disaccha-

ride tripeptides (Figure 3B) and tetra-peptides (data not shown).

Thus, PrkCBs is required for the germination response of spores

exposed to peptidoglycan. DprkC spores still responded to the

nutrient germinant L-alanine (Figure 3B) and to the chemical

germinant Ca2+-dipicolinic acid (Figure S5), indicating that the

spores were still capable of germinating and that PrkCBs is not

involved in nutrient or chemical germination.

Since growing cells release peptidoglycan fragments into the

extracellular milieu, germination by cell-free supernatant should

also require PrkCBs. In support of this hypothesis, incubation of

DprkCBs spores with cell-free supernatant derived from either

B. subtilis or E. coli cultures (Figure 3C) did not result in germina-

tion. Although the identity of the component(s) in the superna-

tants necessary for germination is not known, the requirement

for PrkCBs for germination in response to muropeptides

suggests that these are likely to be the active molecules.

Finally, we tested the requirement for PrkC in another spore

former by constructing a deletion of the B. anthracis prkC

homolog. Spores carrying this mutation were similarly blocked

in the germination response to peptidoglycan (Figure S6).

Thus, the role of PrkC in germination is conserved in at least

two spore-forming bacterial species.

PrkC Phosphorylates EF-G during Germination
During vegetative growth of B. subtilis, phosphorylation of EF-G,

an essential ribosomal GTPase, is reduced in a strain lacking

PrkC. In addition, purified kinase domain of PrkC phosphorylates

EF-G in vitro on at least one threonine (Gaidenko et al., 2002). We

therefore asked whether EF-G phosphorylation also occurs

during PrkC-dependent germination. We generated lysates

from wild-type and DprkC spores after incubation with cell-free

supernatant for 60 min to stimulate germination and immunopre-

cipitated EF-G using polyclonal antibodies raised against E. coli

EF-G (kind gift of W. Wintermeyer). When we probed these

immunoprecipitated fractions with an anti-phosphothreonine

antibody (Zymed), we observed that EF-G (as identified by prob-

ing the same fractions with the a-EF-G) phosphorylation in-

creased following exposure to cell-free supernatant in wild-type

spores (Figure 3D). In contrast, no change in phosphorylation

was observed in spores lacking PrkC.

As a confirmation of the kinase activity of PrkC during germi-

nation, we generated a FLAG-tagged point mutant (K40A) of

PrkC since that residue was identified as necessary for PrkC

phosphorylation (Madec et al., 2002). Consistent with the ex-

pected effect of this mutation, this mutant PrkC did not support

germination in response to PG (Figure S7) even though it was

expressed and localized properly to the spore inner membrane

(Figure S8), whereas a FLAG-tagged version of the wild-type

protein did complement a DprkC mutation. Thus, PrkC appears
Cell 135, 486–496, October 31, 2008 ª2008 Elsevier Inc. 489



to phosphorylate EF-G during germination,and this modification

is likely necessary for germination in response to PG.

PrkC Localizes to the Spore Inner Membrane
The inability of DprkCBs spores to germinate in response to mur-

opeptides suggested that PrkCBs is located either on the spore

surface or in the spore interior. The presence of a hydrophobic

stretch between the cytoplasmic kinase and extracellular PASTA

domains as well as the association of PrkCBs with the cytoplas-

mic membrane in vegetative cells (Madec et al., 2002) suggest

that PrkCBs is associated with the spore membrane, located

below the spore coat (Figure 4A). To test the critical hypothesis

that PrkCBs is membrane associated in the spore and therefore

strategically positioned to sense extracellular peptidoglycan, we

performed subcellular fractionation of spores expressing an epi-

tope-tagged PrkC protein. Upon removal of the spore coat and

outer membrane, we observed that a FLAG-PrkCBs fusion protein,

which complements a DprkC mutation for peptidoglycan-depen-

dent germination (Figure S7), was found in the inner membrane

fraction of the spore (Figure 4B) similar to proteins involved in

nutrient germination (Hudson et al., 2001; Paidhungat and Setlow,

2001).Thesedecoatedsporesstill respondedtoPGasagerminant

(data not shown). Spores expressing either free GFP under control

of a forespore-specific promoter or a fusion of GFP to a coat

protein exhibited expected patterns of fractionation (Figure S8).

Since molecules >2–8 kDa are unable to cross the spore coat

(Driks, 1999), peptidogylcan fragments that interact with PrkC

proteins located in the spore inner membrane below the coat

(Figure 4A) must not exceed this size. The observed ability of di-

saccharide tri- and tetrapeptide fragments (868.9 Da and 940.0

Figure 3. Peptidoglycan-Dependent Germi-

nation Uses a Novel Signal Transduction

Pathway

(A) PrkC consists of an N-terminal kinase domain

(red), a membrane-spanning sequence (black),

and three PASTA repeats (green) in the extracellu-

lar domain.

(B) Wild-type or DprkC spores incubated with

L-alanine (1 mM), B. subtilis peptidoglycan

(100 ng/ml), or B. subtilis disaccharide tripeptide

(‘‘Tri’’; 10 mM) for 60 min.

(C) Wild-type or DprkC spores incubated with

undiluted cell-free supernatant prepared from log-

phase B. subtilis (Bs) or E. coli DH5a (Ec) for 60 min.

(D) Protein lysates from B. subtilis DprkC or

wild-type spores incubated with buffer alone (�)

or with B. subtilis cell-free supernatant (CFS;

10�3 dilution) for 60 min were immunoprecipitated

with a-EF-G antibodies and subjected to western

blotting with either a-EF-G or a-phosphothreonine

antibodies.

Error bars represent SD for triplicate samples.

Da, respectively) to germinate spores is

consistent with this requirement.

Binding of Peptidoglycan by PrkC
The presence of the hypothesized pepti-

doglycan-binding PASTA repeats in the

PrkC extracellular domain suggested that PrkC functions by

binding peptidoglycan. We tested this possibility by expressing

and purifying a His-tagged protein (His6-PASTABs) consisting of

the entire extracellular domain of PrkC that contains three

PASTA repeats. Following previous characterization of bacterial

proteins that bind peptidoglycan (Eckert et al., 2006; Steen

et al., 2003), His6-PASTABs was incubated with purified B. sub-

tilis peptidoglycan and the mixture centrifuged. In this assay,

bound protein pellet with the insoluble peptidoglycan mole-

cules and unbound proteins remained in the supernatant.

Under these conditions, His6-PASTABs remained soluble in

the absence of added peptidoglycan (data not shown). The

fractions were analyzed by SDS-PAGE and the differences in

the protein amounts as revealed by Coomassie staining were

quantified (Figure 4C). Approximately 40% of the total protein

was associated with the insoluble fraction, indicating that a sub-

stantial fraction of His6-PASTABs bound to peptidoglycan under

the assay condition. As a control, we expressed and purified

the His-tagged extracellular domain of YycI, a membrane-asso-

ciated histidine kinase from B. subtilis (Santelli et al., 2007).

Consistent with its lack of PASTA domains, only �5% of the

total protein was found in the insoluble fraction after incubation

of this fragment with purified B. subtilis peptidoglycan. As

a second control, we examined His6-AcmA, an L. lactis protein

that binds peptidoglycan, in the assay, and like His6-PASTABs,

approximately 40%–45% protein remained associated to PG

(Figure 4C). Thus, the PASTA-containing extracellular C-termi-

nal domain of PrkCBs binds peptidoglycan, consistent with

the model that PrkCBs directly binds to muropeptides during

germination.
490 Cell 135, 486–496, October 31, 2008 ª2008 Elsevier Inc.



Specificity of PrkC
Peptidoglycan containing an L-Lys at the third position of the

stem peptide does not germinate B. subtilis spores, whereas pep-

tidoglycancontaininganm-Dpmat thispositiondoes actasa ger-

minant (Table 1). Since PrkC is necessary for this germination and

the PrkC extracellular domain binds peptidoglycan (Figure 4C),

this specificity may originate in PrkC. Thus, a PrkC homolog

from a bacterium containing an L-Lys residue should respond

to L-Lys containing peptidoglycan. We tested this possibility by

substituting the PrkC homolog from the L-Lys-containing species

S. aureus (PrkCSa) for PrkCBs and determining whether spores ex-

pressing this heterologous protein germinated in response to

L-Lys containing peptidoglycan. We amplified the gene encoding

PrkCSa from the S. aureus chromosome and placed it under in-

ducible control in the chromosome of a B. subtilis DprkCBs strain.

Transgenic PrkCSa expressing spores germinated in response

to L-Lys containing S. aureus peptidoglycan (Figure 5A, black)

whereas wild-type PrkCBs-expressing spores did not germinate

(Figure 5A, red). Thus, the source of PrkC determined its ability to

respond to L-Lys containing peptidoglycan since PrkCBs re-

sponds to B. subtilis peptidoglycan (Figure 3B). In addition,

spores expressing PrkCSa germinated in response to B. subtilis

peptidoglycan (data not shown), indicating that PrkCSa responds

to both L-Lys and m-Dpm containing peptidoglycan. As a further

test of this change in specificity, we incubated PrkCSa-express-

ing spores with S. aureus cell-free supernatant that does not

germinate wild-type B. subtilis spores. Consistent with the previ-

ous observations regarding germination in response to S. aureus

peptidoglycan, S. aureus cell-free supernatant germinated

PrkCSa-expressing spores (Figure S9). Thus, L-Lys containing

peptidoglycan can act as a germinant when the Ser/Thr

PASTA-containing kinase is changed.

Since the extracellular domain of PrkCBs binds to PG (Fig-

ure 4C), we examined whether the ability of S. aureus PG to act

as a germinant of PrkCSa-expressing spores was due to the abil-

ity of the extracellular domain of PrkCSa to bind S. aureus PG. In

support of this interpretation, His6-PASTASa bound S. aureus PG

much better than His6-PASTABs (Figure 5B). Thus, the ability of

PrkCSa-expressing spores to germinate in response to S. aureus

PG is at least in part due to the ability of these spores to bind to

S. aureus PG.

Regulation of Germination by Small-Molecule
Kinase Modulators
The cytoplasmic domain of the PrkCBs homolog, M. tuberculosis

PknB, is structurally homologous to the catalytic domains of

eukaryotic Ser/Thr kinases (Young et al., 2003). This similarity

suggests that small molecules known to modulate the activity

of these eukaryotic kinases might also modulate PrkC homologs.

One of these molecules, bryostatin, a natural product synthesized

by a marine bacterium, potently activates eukaryotic intracellular

Ser/Thr kinases through direct binding to the phorbol ester bind-

ing site (Hale et al., 2002). We examined whether bryostatin acti-

vated PrkC by incubating wild-type B. subtilis spores with a range

of bryostatin concentrations. These spores underwent germina-

tion, achieving a maximum of�40% germination in the presence

of 1.0 mM bryostatin (Figure 6A). Bryostatin treatment of DprkC

spores had no effect (Figure 6A), indicating that bryostatin was

Figure 4. Localization and Peptidoglycan Binding of

PrkC

(A) Schematic of PrkC localization. The DNA is located in the

core (blue) and is surrounded by the cortex (gray) and the

coat (yellow). PrkC (green) is associated with inner membrane

(black) of the spore.

(B) Lysates of wild-type (PY79), DprkC (PB705), and DprkC

amyE::Pspac-FLAG-prkCBs (JDB2226) spores were electro-

phoresed using 8% SDS-PAGE, and blots were probed with

anti-FLAG antibody (Sigma). Shown are whole-cell lysate

from wild-type spores (WT); whole-cell lysate from DprkC

spores (DprkC); coat fraction from JDB2226 (C); soluble

S100 fraction from JDB2226 (S); insoluble P100 fraction

from JDB2226 (IM).

(C) Fifty micrograms of His-tagged extracellular domains of

PrkC, YycI, or AcmA were incubated with �5 mg purified

cell wall peptidoglycan. Centrifugation was used to separate

protein bound to insoluble PG from unbound protein. Bound

protein was eluted by subjecting insoluble fraction to 2%

SDS. Fractions containing unbound protein and protein

remaining bound to insoluble PG were subjected to 8%

SDS-PAGE and Coomassie blue staining and protein bands

were quantified using Image J (NIH). The total protein that

was incubated was normalized to 100% for unbound + bound

and relative bound protein levels were calculated.

Error bars represent SD for triplicate samples.
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acting directly on PrkCBs. Thus, activation of PrkC is sufficient to

induce germination, even in the absence of a germinant.

Dormant spores are resistant to treatments that kill vegetative

cells such as antibiotics. However, bryostatin-treated wild-type

B. subtilis spores become sensitive to the ribosomal antibiotics

tetracycline and spectinomycin (Table S2; data not shown).

Since these antibiotics are, like bryostatin, small enough to

penetrate the spore coat and membrane, dormant spores are

probably resistant because they lack the metabolic activity that

is the target of these molecules. Thus, bryostatin stimulation of

PrkCBs appears to lead to the resumption of metabolic activity,

a hallmark of germination.

Staurosporine, a small-molecule ATP mimic, inhibits intracellu-

lar eukaryotic Ser/Thr kinases (Ruegg and Burgess, 1989). As

with the bryostatin experiments, we asked whether staurospor-

ine would affect PrkC function. Incubation of staurosporine at

concentrations as low as 10 pM with spores significantly reduced

peptidoglycan-dependent germination (Figure 6B). In contrast,

L-alanine germination was unaffected by staurosporine, consis-

tent with the ability of DprkC spores to respond to nutrient germi-

nants (data not shown). Increasing amounts of peptidoglycan did

not increase germination in the presence of 10 pM staurosporine,

indicating that the compound was not competing for binding of

the peptidoglycan (Figure 6C). Thus, PrkCBs phosphorylation of

a downstream target is essential for transduction of the peptido-

glycan germination signal.

DISCUSSION

Metazoans recognize bacterial cells by the presence of micro-

bial-specific molecules such as peptidoglycan that bind to

Figure 5. Substrate Specificity of PrkC

(A) JDB1980 (DprkC amyE::Pspac-his6-prkCBs; red) or JDB2017 (DprkC

amyE::Pspac-his6-prkCSa; black) spores were incubated with different amounts

of S. aureus PG for 60 min.

(B) Fiftymicrograms His6-PASTABs (PrkCBs) andHis6-PASTASa (PrkCSa) were in-

cubated with�5 mg S. aureus PG. Unbound proteins and bound proteins were

detected by Coomassie blue and % bound protein was calculated as above.

Error bars represent SD for triplicate samples.

Figure 6. Regulation of Germination by Small Molecules

(A) Wild-type (squares) or DprkC (circles) B. subtilis spores were incubated for

60 min with bryostatin at indicated concentrations.

(B) Wild-type spores were incubated for 60 min with 100 ng/ml B. subtilis

peptidoglycan in the presence of staurosporine at indicated concentrations.

(C) Wild-type spores were incubated for 60 min with B. subtilis peptidoglycan

at indicated concentrations in the presence (red) or absence (black) of 10 pM

staurosporine. Error bars represent SD for triplicate samples.
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receptors and trigger the activation of cellular pathways mediat-

ing the host response to infection (Kaparakis et al., 2007). In

addition, peptidoglycan fragments induce cytopathogical

changes in the host during bacterial infections and mediate sym-

biotic interactions between the eukaryotic host and bacteria

(Cloud-Hansen et al., 2006). The presence of these molecules

is also consistent with the ability of the environment to support

microbial growth since they are released by growing bacteria

in large quantities. Here, we report that supernatants of growing

bacteria, peptidoglycan isolated from a wide variety of bacteria,

and purified muropeptides induce germination in dormant bacte-

rial spores. Thus, peptidoglycan fragments serve as a novel

mechanism of interspecies bacterial signaling that likely indi-

cates the presence of growing bacteria (Bassler and Losick,

2006).

PrkC is necessary for germination in response to muropepti-

des, and it is capable of binding peptidoglycan. The ability of

peptidoglycan derived from different bacteria to bind to eukary-

otic peptidoglycan recognition proteins (PGRP) is dependent on

the identity of a single residue (L-Lys versus m-Dpm) in the stem

peptide (Swaminathan et al., 2006), and we observed a similar

specificity in the ability of peptidoglycan to stimulate germination

of B. subtilis spores. The structure of a PGRP bound to its

peptidoglycan substrate (Chang et al., 2006; Lim et al., 2006)

identifies the molecular basis of this specificity. While there is

no analogous structure of PrkCBs bound to peptidoglycan, it is

intriguing that the observed substrate specificities of PGRP

and PrkCBs are so similar despite their apparent phylogenetic

distance and lack of primary sequence homology. In addition,

fragments of PG bind to and activate the Cyr1p adenyl cyclase

of Candida albicans, a key component of the hyphal develop-

ment pathway, suggesting that PG can play a role in nonimmu-

nological physiological responses of eukaryotic cells (Xu et al.,

2008).

Mechanism of Spore Germination
The ability of purified muropeptides and cell-free supernatant

isolated from a variety of bacteria to germinate B. subtilis spores

(Figures 2A and 2B) suggests that muropeptides released by

growing bacteria are a general signal for germination. Since

spores undergo a small but detectable rate of spontaneous

germination (Paidhungat and Setlow, 2000), the ability of these

germinated spores to grow will be detected by the still dormant

spores in the population because of their release of muropepti-

des. Finally, the interspecies nature of this signal (Table 1) is

consistent with the existence of most bacteria in multispecies

consortia and suggests that spore-forming bacteria monitor

the growth of diverse microbes in their environment.

Spore germination initially involves a series of biophysical and

biochemical events including ion fluxes and spore rehydration

that quickly lead to a loss of spore heat resistance (Setlow,

2003). We have shown that PrkC is required for the loss of heat

resistance in peptidoglycan-dependent germination where it

phosphorylates EF-G, an essential ribosomal GTPase involved

in mRNA and tRNA translocation (Savelsbergh et al., 2003).

While the effect of phosphorylation on EF-G activity is not

known, the activity of eEF-2, the eukaryotic homolog of EF-G,

is determined by its phosphorylation state (Ryazanov et al.,
1988). Thus, binding of peptidoglycan fragments to the extracel-

lular PASTA-containing domain of PrkCBs could stimulate trans-

lation by inducing the intracellular kinase domain of PrkC to

phosphorylate EF-G.

Dormant spores contain mRNA and polysomes (Setlow and

Kornberg, 1970), and, when disrupted, they incorporate radiola-

beled amino acids (Chambon et al., 1968). Recent evidence

indicates that spores contain specific mRNA species directly rel-

evant to the physiological context of the organism (Bettegowda

et al., 2006). Thus, translation could be the initial biosynthetic

step in the transformation of the dormant spore to a metabolically

active cell. However, given the complete metabolic dormancy of

the spore core, PrkCBs phosphorylation of EF-G is unlikely to be

the sole cause of germination. PrkCBs itself, or an unidentified

target of the kinase, probably plays a role in the spore rehydra-

tion necessary for translation and metabolism.

Chemical Modulation of the Germination Process
The spore-forming bacterium Clostridium difficile causes an

increasingly prevalent gastrointestinal colitis that occurs follow-

ing antibiotic therapy. C. difficile likely survives exposure to

antibiotics as spores since the vegetative form is sensitive to

antibiotics (Hecht et al., 2007). When germinated, these spores

enter vegetative growth where they are now capable of produc-

ing the toxins that cause colitis. Interestingly, members of the

GerA germination receptor family are absent from the C. difficile

genome. However, since there is a PrkC homolog (Sebaihia

et al., 2006), this protein may play an essential role in C. difficile

germination.

Most clinically relevant antibiotics are derived from soil-dwell-

ing organisms, presumably reflecting interbacterial competition

within soil. While these compounds typically target essential

pathways in growing cells, we observed that staurosporine acts

by blocking germination of dormant spores at very low (�pM)

concentrations. Since staurosporine is synthesized by a species

of the soil bacterium Streptomyces (Onaka et al., 2002), it is

appealing to posit that staurosporine inhibition of spore germina-

tion is relevant to interactions between Streptomyces spp. and

Bacillus spp. in the environment.

A Conserved Pathway for Relief of Bacterial Dormancy
Many bacteria exist in a state of metabolic dormancy (Keep et al.,

2006) that increases their resistance to antibiotics or to other

stresses found in nutrient-limited environments. However, the

advantages afforded by this state of dormancy are dependent

on the ability of the cell to exit this state when conditions condu-

cive to growth become present. Dormant cells of Micrococcus

luteus are stimulated to divide (resuscitate) by exposure to non-

dormant M. luteus cells, and this stimulation requires the resus-

citation-promoting factor (Rpf), a secreted 17 kDa protein that

digests peptidoglycan (Mukamolova et al., 2006) into soluble

fragments, likely including muropeptides. The ability of the

human pathogen M. tuberculosis to reactivate following in vivo

latency is affected by the presence of endogenous resuscita-

tion-promoting factors (Tufariello et al., 2006). Since M. tubercu-

losis PknB is a homolog of PrkC, PknB may also recognize

peptidoglycan fragments as a signal that growth-promoting

conditions exist and this ability may have important implications
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for pathogenesis of this organism. Finally, our observations may

provide a mechanistic basis for the observation that many

microbes require other bacteria in the local environment in order

to grow (Kaeberlein et al., 2002).

EXPERIMENTAL PROCEDURES

General Methods and Bacterial Strains

B. subtilis strains used in this study and relevant construction details are

described in that Supplemental Data. B. subtilis spores were prepared by

growth to exhaustion in DSM medium, addition of lysozyme (1 mg/ml, 1 hr,

37�C), and SDS (2%) for 20 min at 37�C. Spores were washed three times

with dH2O, resuspended in dH2O, and stored at 4�C. JDB1980, JDB2226,

JDB2227, and JDB2017 spores carrying inducible copies of the PrkCBs and

PrkCSa genes, respectively, were generated as above except that growth in

DSM was in the presence of 1 mM IPTG.

Peptidoglycan Isolation

One hundred milliliter cells grown in LB to an OD600 �1.2 were collected by

centrifugation, washed with 0.8% NaCl, resuspended in hot 4% SDS, boiled

for 30 min, and incubated at room temperature (RT) overnight. The suspension

was then boiled for 10 min and the SDS-insoluble cell wall material was

collected by centrifugation at 15k for 15 min at RT. The pellet-containing cell

wall peptidoglycan was washed four times with water and finally resuspended

in 1 ml sterile water. Boiling twice with 4% SDS with an overnight incubation

removes proteins and lipoteichoic acid molecules from the cell wall material

(Girardin et al., 2003). The resuspended PG was digested with mutanolysin

(10 mg/ml) overnight at 37�C prior to inactivation of mutanolysin at 80�C for

20 min and use of digested PG in germination assays. Peptidoglycan from

B. anthracis Sterne, B. megaterium, B. sphaericus, L. innocua, E. coli, E. fae-

calis, S. aureus Newman, S. pyogenes, and L. casei were prepared similarly.

Cell-free supernatant was obtained from B. subtilis PY79 and E. coli DH5a cells

grown in TSS medium and from S. aureus Newman cells grown in Davis

medium to an OD600 of 1.2 by filtering (0.2 mm) the culture twice.

Purification of Peptidoglycan Fragments

B. subtilis vegetative peptidoglycan was purified, stripped of teichoic acids,

and digested with mutanolysin (McPherson and Popham, 2003). Muropepti-

des were separated by HPLC using a phosphate buffer with a methanol gradi-

ent (Atrih et al., 1999), and individual muropeptides were collected upon

elution from the HPLC column. The identities of purified muropeptides were

verified using electrospray ionization mass spectrometry (Gilmore et al.,

2004), and muropeptides were quantified relative to commercial purified

amino acid standards using amino acid analysis.

Measurement of Germination

Spores were incubated at 108 spores/ml in 50 ml reactions with germinant in

germination buffer (10 mM Tris [pH 8], 1 mM glucose) for L-alanine or dH20

for muropeptides for 60 min at 37�C and then subjected to wet heat (80�C)

for 20 min. Heat-treated samples were diluted 105-fold, and 100 ml of the

diluted samples were spread on LB-agar plates, and following overnight

incubation at 37�C, CFUs were determined. Loss of heat resistance as com-

pared to that in the case of incubation with buffer (negative control) and

1 mM L-alanine (positive control) served as a marker for spore germination.

Percent germination was expressed upon normalization using CFUs obtained

with buffer as control, which results in a failure to germinate spores (i.e., no

change in CFUs before or after exposure to heat).

Localization of FLAG-PrkC

Spores were decoated (as confirmed by loss of heat resistance), treated with

TEP buffer in the presence of lysozyme, DNase, and RNase for 5 min at 37�C,

and cooled on ice for 20 min (Paidhungat and Setlow, 2001). Samples were

sonicated (five 15 s pulses) and debris was removed by centrifugation (14K,

5 min). The supernatant was centrifuged (100k�g, 1 hr) to isolate the soluble

fraction, and the membrane-containing pellet was resuspended in TEP buffer

containing 1% Triton. Following separation of protein by SDS-PAGE (8%), the
494 Cell 135, 486–496, October 31, 2008 ª2008 Elsevier Inc.
proteins were transferred onto Nitrocellulose membrane prior to detection with

anti-FLAG antibodies (Sigma) and ECL substrate (Amersham).

Peptidoglycan Binding

We purified the C-terminal fragment of PrkC (His6-PASTABs) composed of

residues 357–648 using Ni2+ affinity chromatography with an E. coli strain

carrying pIMS40 that overproduces His6-PASTABs. His6-YycI composed of

residues 31–280 was purified using identical methodology with an E. coli strain

carrying pIMS36. His6-AcmA composed of residues 243–439 using an E. coli

strain carrying pIMS42 and His6-PASTASa composed of residues 378–644

using an E. coli strain carrying pIMS44 were purified using identical methodol-

ogy. We separately incubated 50 mg of proteins with purified B. subtilis or

S. aureus peptidoglycan (�5 mg) in 20 mM Tris-HCl, 50 mM MgCl2, 500 mM

NaCl for 30 min at 4�C. We centrifuged (10 min, 15k) to remove the supernatant

(soluble fraction), washed the pellet twice, resuspended it in 2% SDS, and

incubated at RT for 1 hr. Bound fraction (insoluble fraction) was recovered

by removing the insoluble pellet by centrifugation. Fractions consisting of

unbound soluble protein and insoluble bound protein and the wash were

analyzed by SDS-PAGE. The gels were stained with Coomassie blue and

the differences in the amounts of His6-PASTA in the two fractions were deter-

mined by measurement of the appropriate bands using ImageJ (NIH).

Detection of Phosphorylated EF-G

Spores were isolated from 100 ml cultures, decoated, and treated either with

non-germinant buffer or cell-free supernatant prior to treatment with TEP

buffer (Lysozyme/DNase/RNase) and sonicated to remove debris. The result-

ing supernatant was subjected to ultracentrifugation at 100k�g for 1 hr. The

soluble S100 fraction from each sample was subjected to immunoprecipitation

with EF-G antibodies (kind gift of W. Wintermeyer) prebound to Protein A

Dynabeads (Invitrogen), and immunoprecipitated proteins were separated

by 6% SDS-PAGE followed by transfer of proteins onto nitrocellulose

membranes. Immunoblotting was performed with either EF-G antibodies or

phosphothreonine antibodies (Zymed, Invitrogen) to detect phosphorylated

EF-G using ECL substrate (Amersham).

SUPPLEMENTAL DATA

Supplemental Data include two tables, nine figures, Supplemental Experimen-

tal Procedures, and Supplemental References and can be found with this

article online at http://www.cell.com/supplemental/S0092-8674(08)01128-8.
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