
regulated by the same factors that control the expres-

sion of most genes for secreted degradative enzymes.

Our observations suggest that B. subtilis can modu-

late its capacity and specificity for protein secretion

through the controlled expression of sipS.
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Summary

Bacillus subtilis contains three chromosomally encoded

type I signa' peptidases (SipS, SipT and SipU), which

remove signal peptides trom secretory precursor pro-

teins. In the present study the biological function of

SipS and the regulation of its synthesis\were analysed.

Unlike the type I signa' peptidase of Es'cherichia coli,

SipS was essential neither tor protein secretion nor

viability of the cell. However, in the absence of SipS

the rate of processing of several preproteins was

reduced, and tour of the seven major secreted proteins

of B. subtilis were hard I y detectable in the growth

medium. Surprisingly, the processing of Bacillus amy-

loliquefaciens a-amylase and the secretion of at least

two endogenous B. subtilis proteins was improved

in the absence of SipS. These findings indicate that

the substrate preference of SipS differs trom that of

SipT and SipU, and that SipS is an important factor

determining the efficiency of protein secretion in B.

subtilis. SipS is transcribed in a growth phase- and

medium-dependent manner. In minimal medium, the

growth phase-dependent transcription of sipS is con-

trolled by the DegS-DegU two-component regulatory

system, indicating that the expression of sipS is

Most bacterial proteins that are transported from the cyto-

plasm to other cellular compartments (e.g. export to the

cell wall of Gram-positive bacteria, or the periplasm and

the outer membrane of Gram-negative bacteria), or to

the growth medium (secretion) are synthesized with an

amino-terminal signal peptide. The signal peptide is required

for the targeting of proteins to the membrane and the initi-

ation of protein translocation across the membrane (for a

review, see Von Heijne, 1990; Wickner et al., 1991; Pugs-

ley, 1993; Driessen, 1994). Duringorshortlyafterthetrans-
location of the protein across the membrane, the signal

peptide is removed by signal peptidases (SPases). This

is a prerequisite for the release of the mature protein

from the membrane and, in some cases, the post-transla-

tional modification of its amino-terminus (for a review, see

Dalbey, 1994; Lory, 1994; Sankaran and Wu, 1994).

Thus far, three types of prokaryotic SPases have been

identified. The type I SPases, also known as leader pepti-

dases (Lep), process the majority of exported pre-proteins

(reviewed in Dalbey, 1994). Type II SPases, also known as

prolipoprotein SPases, exclusively process diacylglyceryl-
modified prolipoproteins (reviewed in Sankaran and Wu,

1994). A third type of SPases exclusively process type IV

prepilins and proteins with prepilin-like signal peptides

(reviewed in Lory, 1994). Interestingly, in eukaryotic cells

only homologues of type I SPases have been identified

(Dalbey and von Heijne, 1992; van Dijl et al., 1992).

These reside in the endoplasmic reticular (ER) membrane

(reviewed in Lively and Shelness, 1994), and in the inner

membrane of mitochondria (Pratje et al., 1994). Both the

prokaryotic and eukaryotic type I SPases appear to belong

to a novel family of serine proteases (Dalbey and von

Heijne, 1992; van Dijl et al., 1992; 1995).

Five type I SPases of Gram-negative bacteria have been

identified: Lep (Eco) of Escherichia coli (323 residues;
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Moreover, some strains of B. subtilis also contain plas-

mids specifying type I SPases (sipP (pTA1015) and sipP

(pTA1040); Meiier et al., 1995). These findings raise the

question of why B. subtilis has acquired so many distinct

SPase-encoding genes. As a first approach to address
this question, we studied protein secretion in mutant strains

lacking the sipS gene. In addition, the expression of the

latter gene was analysed. The results indicate that the sub-

strate preference of SipS is different from that of the other

type I SPases of B. subtilis, and that SipS is an important

factor determining the efficiency of protein secretion in this

organism. The synthesis of SipS appears to be controlled

at the transcriptional level in a way similar to that of the

maiority of the secreted proteins.

Wolfe et al., 1983), Lep (Sty) of Salmonella typhimurium

(324 residues; van Dijl et al., 1990), Lep (Pfl) of Pseudo-

monas fluorescens (284 residues; Black et al., 1992),

Lep (Hin) of Haemophilus influenzae (349 residues; Fleisch-

mann et al., 1995), and SipS (Bja) of Bradyrhizobium japo-

nicum (259 residues; MOlIer et al., 1995). Although these

five enzymes differ considerably in size, they show a rela-

tively high degree of amino acid sequence similarity (29%

identical residues or conservative changes). Lep (Eco),

Lep (Pfi), and Lep (Sty) possess two amino-terminal mem-

brane anchors, and their carboxy-terminal moieties, which

contain the putative active site, are exposed to the peri-

plasm (Dalbey and von Heijne, 1992). A similar topology

is predicted for the carboxy-terminal moiety of SipS (Bja),

which seems to have only one amino-terminal membrane

anchor (MOlIer et al., 1995), and for that of Lep (Hin)

(Fleischmann et al., 1995) which, according to our com-

puter-assisted analysis, may have three amino-terminal

membrane anchors. Lep (Eco) is essential for cell viabil-

ity, and limited availability of this enzyme results in the

accumulation of precursors of exported proteins (Dalbey

and Wickner, 1985; van Dijl etal., 1988).

Thus far, the type I SPases from Baci/lus species (Baci/-

lus subti/is, Baci/lus amyloliquefaciens, Baci/lus lichenifor-

mis and Baci/lus caldolyticus) represent the only known

type I SPases from Gram-positive bacteria (for recent

compilations of sequences see Hoang and Hofemeister,

1995; Meijer et al., 1995). These enzymes share a high

degree of sequence similarity (47% identical residues or

conservative changes in nine distinct protein sequences).

In contrast, the known Baci/lus type I SPases are different

from the SPases of Gram-negative bacteria in several

aspects. First, the Baci/lus SPases are much smaller (an

average of 186 residues), and they share only limited

sequence similarity with the SPases from Gram-negative

bacteria (12% identical residues or conservative changes

in 15 distinct sequences). Second, they possess only one

putative membrane anchor. The latter feature is shared

with type I SPases from the cyanobacterium Phormidium

laminosum (Packer et al., 1995), the mitochondrial inner

membrane, and the ER membrane (Dalbey and von

Heijne, 1992; van Dijl et al., 1992). Finally, Lep (Eco) is

unable to process the hybrid precursor pre-[A 13i]-13-lacta-

mase, which is processed by all known type I SPases

from bacilli (van Dijl et al., 1992; Meijer et al., 1995; H.

Tjalsma and J. M. van Dijl, unpublished).

In a previous paper on the identification of the type I

SPase SipS of B. subti/is, it was suggested, but not docu-

mented, that the corresponding gene is not essential for

viability of the cell (van Dijl et al., 1992). The explanation

for this observation appears to be that B. subti/is con-

tains at least two other highly similar chromosomal type I

SPase-encoding genes (sipT and sipU; Akagawa et al.,

1995; H. Tjalsma and J.M. Van Dijl, unpublished data).

Results

The sipS gene is not essential for viabilily of B. subtilis

The sipS gene of B. subtilis was cloned in E. coli using

an assay in which processing of the hybrid precursor

pre(A 13i)-~-lactamase by SipS was visualized on plates

(van Dijl et al., 1992). Independently, sipS was identified

by sequence analysis of a 10327 bp EcoRI fragment of

the B. subtilis chromosome (Sorokin et al., 1993). This

DNA fragment, which also contains the rib genes for

riboflavin biosynthesis, was previously cloned in plasmid

pBR322, resulting in plasmid pLP102 (Panina et al.,

1983). To test whether sipS is essential for the viability of

B. subtilis, the following strategy was used (schematically

presented in Fig. 1 A). First, in pLP102 a 767 bp Ncol

fragment, containing 456 nucleotides of the 5' end of

sipS, was replaced by a kanamycin-resistance marker

(KmR), resulting in pLP102-Km. Thus, 82% of the sipS

gene, including the region specifying the putative active

site of SipS (van Dijl et al., 1995), was removed. Next,

pLP102-Km was cleaved with EcoRI, and the resulting

10.8 kb fragment containing the KmR marker was used

to transform B. subtilis 8G5. Eight kanamycin-resistant

transformants (denoted B. subtilis 8G5 sipS-Km) were

selected which all lacked sipS, showing that the latter

gene is not essential for the viability of B. subtilis.

For several experiments in which plasmids with a

KmR marker were used (see below), the KmR marker

was removed from the chromosome of B. subtilis 8G5

sipS-Km, resulting in B. subtilis 8G5 sipS (schematically

shown in Fig. 1 B). B. subtilis 8G5 (the parental strain), B.

subtilis 8G5 sipS-Km, and B. subtilis 8G5 sipS showed

similar growth rates on minimal and tryptone yeast (TY)

medium, indicating that the absence of SipS had no detect-

able detrimental effects on cell physiology. In addition, with

the two latter strains, which lack a functional sipS gene, we

were able to show that SipS is not required for two charac-

teristic features of B. subtilis: (i) natural competence (for
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Relevant genotype
@

B.subtilis 8G5
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E N N ( rib operon
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Fig. 1. Deletion of the sipS gene from the B. subtiJis chromosome.

A. Schematic presentation of the construction of B. subtiJis 8G5 sipS-Km. A 767bp Ncol fragment, which contains the 5' end of the sipS gene,

was replaced bya KmR marker by homologous recombination, using a 10.8kb EcoRI fragment from pLP102-Km (see the text for details). Only

restriction sites relevant for the construction are shown (E, EcoRI; N, Ncol). A putative stem-loop structure (SL), which may function as a

rho-independent terminator of sipS transcription, is indicated. The presence of an unidentified mutation in one of the rib genes is indicated with

an asterisk. X1 and X2, open reading frames (ORFs) X1 and X2 (Sorokin et aJ., 1993); sipS', 5' truncated sipS gene.

B. Schematic presentation of the construction of B. subtiJis 8G5 sipS. The KmR marker was removed from the chromosome of B. subtiJis

8G5-Km by homologous recombination. For this purpose, the 767bp Ncol fragment, which contains the 5' end of sipS, was deleted from

pLP102, resulting in pLP102~sipS. The latter plasmid was cleaved with EcoRI, and the resulting 9.6kb fragment, which lacks a functional sipS

gene, was used to transform competent cells of a B. subti/is 8G5 sipS-Km, rib strain to prototrophy for ribollavin. Of 312 transformants, 10

(denoted B. subti/is 8G5 sipS) had become kanamycin sensitive, and they lacked both the KmR marker and sipS.

DNA binding and uptake); and (ii) sporulation (data not

shown).

proteins (labelled a and g) appeared to be improved in B.

subtilis 8G5 sipS (Fig. 2). These data show that drastic

effects of the sipS gene disruption on protein secretion

occur when the cells have reached the post-exponential-

growth phase. Furthermore, the data suggest that the pre-

cursors of only a subset of the secreted B. subtilis proteins

(e.g. precursors of proteins labelled b, c, d, and f; Fig. 2)

are preferred substrates for SipS. Nevertheless, as none

of the latter proteins appeared to be completely absent

from the growth medium of B. subtilis 8G5 sipS, it seems

that their precursors can also be processed by other

SPases of B. subtilis, albeit at a reduced efficiency.

The identity of the secreted proteins labelled a-g in

Fig. 2 is not known, which limits the interpretation of this

experiment. Therefore, pulse-chase labelling experiments
were carried out with two model proteins, the precursors

of which were known to be substrates for SipS (van Oijl

et al., 1992; 1995): (i) the pre-staphylokinase from the

Staphylococcus aureus bacteriophage 420 (specified by

plasmid pMet203; Behnke and Gehrlach, 1987); and (ii)

SipS is required for efficient secretion of several

B. subtilis proteins

Several approaches were used to analyse the ettects of

the deletion of the sipS gene on protein secretion. First,

all secreted proteins were precipitated, with TCA, from the

growth medium (minimal medium with glucose) of expo-

nentially growing cells of B. subtilis 8G5 and B. subtilis

8G5 sipS. SDS-PAGE revealed no detectable quantita-

tive or qualitative ditterences between the protein con-

tents of the growth media of both strains (data not

shown). In contrast, several secreted proteins were pre-

sent in strongly reduced quantities in the growth medium

of overnight cultures of B. subtilis 8G5 sipS, as compared

to the parental strain 8G5 (Fig. 2; proteins labelled b, c, d,

and f). Interestingly, the secretion of at least one protein

(labelled e) was barely attected, and that of two other
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Hpr, and Sin) could be involved in the transcription of

sipS (for a review, see Ferrari et al., 1993). The identifica-

tion of the transcriptional regulators of sipS, and their bind-

ing site(s) in the upstream region of sipS await further

analysis.
Apart from B. subtilis and the closely related bacteriur:n

B. amyloliquefaciens, the presence of more than one

type I SPase has been reported for two other biological

systems: (i) the mitochondria of yeast; and (ii) the canine

ER membrane. In contrast to the type I SPases of B. sub-

tilis, the two homologous Imp1 p and Imp2p subunits of

the SPase in the inner membrane of yeast mitochondria

have non-overlapping substrate specificities, and they

are both required for the functionality of yeast mitochon-

dria (Nunnari et al., 1993; Pratje et al., 1994). The canine

ER SPase complex contains two homologous subunits

(Spc18 and Spc21 ), both invoked in catalysis, which

belong to the family of type I SPases (reviewed in Lively

and Shelness, 1994). It is not known at present whether

Spc18 and Spc21 are both essential for processing, and

whether they have distinct substrate specificities. In addi-

tion to Spc18 and Spc21, the canine ER SPase complex

contains three other components (Spc12, Spc22/23 and

Spc25), the function of which is not known (see Lively

and Shelness, 1994). All known type I SPases of B. subti-

lis are active in E. c0/i (van Dijl et al., 1992; Meijer et al.,

1995; H. Tjalsma and J. M. Van Dijl, unpublished), and

therefore it is unlikely that these enzymes require addi-

tional components for their activity. To our knowledge,

the synthesis of none of the known type I SPases from

organisms other than B. subtilis is regulated. Thus, to-

gether with the fact that B. subtilis contains several distinct

SPases, our present observations indicate that the precur-

sor processing machinery of B. subtilis is different from

other known processing machineries with respect to com-

position, substrate preference, and the regulated synthesis

of at least one of its components (i.e. SipS).

by SipS, and a good substrate for processing by at least

one of the other type I SPases of B. subtilis. The fact

that improved processing of the B. amyloliquefaciens

pre-(X-amylase does not lead to the accumulation of

higher levels of mature (X-amylase in the medium suggests

that processing by SPase I is not the rate-Iimiting step in

the secretion of (X-amylase. Indeed, it was recently

shown that the lipoprotein PrsA, which probably promotes

the folding of secreted (X-amylase to a protease-resistant

conformation, sets a limit for high-level secretion of this

enzyme (Kontinen and Sarvas, 1993).

SipS is the first identified component of a prokaryotic

protein-secretion machinery, the synthesis of which is

temporally regulated. Our findings indicate that, as a

response to extern al and internal changes which trigger

the synthesis of secretory proteins, B. subtilis can modu-

late its capacity and its specificity for protein secretion

through controlled expression of the sipS gene. In this

respect, three major aspects remain to be addressed.

First, it is not known which signa's trigger the transcription

of sipS. Second, it is not known how the growth phase-

and medium-dependent transcription of sipS is regulated.

Third, it is not yet known whether the synthesis of the

other type I SPases of B. subtilis (i.e. SipT, SipU, and

SipP), and the components of the protein-translocation

machinery (e.g. SecA, SecE, and SecY) are also (tempo-

rally) regulated.
The DegS and DegU proteins are members of the

families of histidine kinases and response regulators,

which are commonly found in bacterial two-component

signal transduction systems (reviewed in Msadek et al.,

1993). The DegS-DegU system, which has been invoked

in the sensing of salt stress (Kunst and Rapoport, 1995),

seems to function as a molecular switch between degra-

dative enzyme production and competence for DNA

binding and uptake: phosphorylated DegU enhances the

synthesis of degradative enzymes, but inhibits the deve-

lopment of competence. Our present findings suggest

that the expression of sipS in minimal medium also

requires phosphorylated DegU. If so, one would predict

that regulatory genes which are specifically required for

the development of competence are not involved in the

expression of sipS. Indeed, we have recently shown that

the disruption of the comK gene, specifying the compe-

tence transcription factor (van Sinderen et al., 1995),

does not affect sipS expression (our unpublished results).

Unfortunately, it is not certain whether the DegU protein

itself binds to the consensus sequence implicated in

DegU-dependent gene expression (Jacobs, 1995). Hence,
it remains to be established how this regulatory system

controls the transcription of sipS. By analogy to the

regulation of the expression of the aprE gene for subtili-

sin, in addition to DegU, several transcriptional activators

(e.g. DegQ, DegR, and SenS) or repressors (e.g. AbrB,

Experimental procedures

Plasmjds, bacterjal strajns and media

Table 2 lists the plasmids and bacterial strains used. TY

medium contained Bacto tryptone (1%), Bacto yeast extract

(0.5%) and NaCI (1 %). Minimal media for B. subtilis were as

described by Smith et al. (1983). S7 media 1 and 3, for the

labelling of B. subtilis, were prepared as described by van

Dijl et al. (1991 a). Skimmed-milk agar plates, and sucrose-

tryptone agar plates were prepared as described by Msadek

et al. (1988). Antibiotics were used in the following concen-

trations: chloramphenicol, 5Jlgml-1; erythromycin, 2Jlgml-1;

kanamycin,10Jlgml-1.

DNA and RNA techniques

Procedures tor DNA puritication, restriction, ligation, agarose-

gel electrophoresis, and Southern hybridization were carried

((;) 1996 Blackwell Science LId, Molecular Microbiology, 22, 605-618



Table 2. Strains and plasmids used in this study. Table 2. Continued.

Strain/Plasmid Genotype/Properties Source/Reference

Wertman et al.

(1986)

Panina et al.

(1983); Sarakin et

al. (1993)

F- araDt39 t1(ara-

leu)7696 galEtS galKt6
(lac)X743 rpsL hsdR2

mcrA mcrBt

pLP102-Km This work

pLP102asipSB. subtiJis

QB4238 trpC2; degS-degU::KmR

QB4371 trpC2; degU32(Hy)-KmR;

the degU32(Hy)

mutation and the KmR

marker are linked
8G5 trpC2 tyr his nic ura met

ade rib

8G5 sipS-Km trpC2 tyr his nic ura met

ade rib sipS KmR

8G5 sipS trpC2 tyr his nic ura met

ade sipS

8G5 degS-degU Derivative of 8G5; degS-

degU::KmR
8G5 degU32(Hy) Derivative of 8G5;

degU32(Hy)-KmR
8G5::pGDE22 Derivative of 8G5 carrying

pGDE22 in the

chromosome; CmR

8G5::pGDE22 Derivative of 8G5 sipS-Km

sipS-Km carrying pGDE22 in the

chromosome; KmR CmR
8G5::pGDE22 Derivative of

degS-degU 8G5::pGDE22; degS-
degU::KmR; CmR

8G5::pGDE22 Derivative of

degU32(Hy) 8G5::pGDE22,
degU32(Hy)-KmR; CmR

This work

Msadek et al.

(1988)
Msadek et al.

(1988); van
Sinderen et al.

(1995)
Bron and Venerna

(1972)
This work

pMe1203 D. Behnke

(unpublished)

pGDL42 van Dijl el al.

(1992)

pGDL41 van Dijl et al.

(1992)
This work

pKTH10 Palva (1982)This work

This work
pLGW200 van Sinderen et

al. (1990)This work

This work

pGDE22 This work

pBR322 derivative;
contains the riboflavin

operon of B. subtilis,

which later appeared to

be preceded by the sipS

gene; 14.7kb; ApR
pLP102 derivative; lacks

sipS; 15.2 kb; ApR; KmR

pLP102 derivative; lacks

sipS; 13.9kb; ApR
Encodes the S. aureus

phage 42D

staphylokinase; 12.8 kb;

ApR; EmR

Encodes pre(A 13i)-/3-

lactamase; 7.5kb; ApR;
EmR; KmR

pGDL42 derivative;
contains the sipS gene

of B. subtilis; 8.1 kb;

ApR; Ems; KmR

Contains the amyE gene

for cx-amylase of B.

amyloliquefaciens; KmR

Integration vector for B.

subtilis; contains a

promoterless lacZ gene

preceded by the

ribosome-binding site of
the spoVG gene; CmR

pLGW200 derivative;
contains a transcriptional

fusion between the

upstream region of sipS

and lacZ; CmR

This work

This work

ApR, ampicillin resistant; CmR, chloramphenicol resistant; EmR, ery-
thromycin resistant; KmR, kanamycin resistant.

reference markers were from Gibco BRL Life Technologies

Inc. Northern blotting was performed after electrophoresis of

RNA in gels containing formaldehyde (0.66 M; Sambrook et

al., 1989). For this purpose, positively charged nylon mem-

branes from Boehringer Mannheim were used. Probes were

labelled with [32p]-dCTP (Amersham), using the random-

primed DNA labelling kit from Boehringer Mannheim. The

hybridization solution contained: sodium phosphate (50 mM;

pH7.0), 5x SSC (0.75M NaCI, 0.075M tri-sodium citrate,

pH 7.0), SDS (7%), N-Iauroylsarcosine (0.1 %), deionized for-

mamide (50%), blocking reagent (2%; Boehringer Mannheim),

and [32p]-dCTP-Iabelled probe (20ngml-1). After hybridiza-

tion (overnight at 42°C), membranes were washed twice in

buffer containing 2x SSC and SDS (0.1%) (20 min at room

temperature). Subsequently, the membranes were washed
twice in 0.1 x SSC buffer containing SDS (0.1 %) (20 min,

65°C). Primer extension was performed as described by Sam-

brook et al. (1989).

Pulse-chase protein labelling, immunoprecipitation,

SDS-PAGE and fluorography

Pulse-chase labelling experiments with B. subtilis and

out as described by Sambrook et al. (1989). Enzymes were

from Boehringer Mannheim. E. coli MC1061 was electro-

transformed with ligation mixtures using a Bio-Rad Gene

Pulser. Competent B. subtilis cells were transformed as

described by Bron and Venerna (1972). P CR was carried

out with Vent DNA polymerase (New England), using buffers

provided by the manufacturer. Chromosomal template DNA

was denatured for 1 min at 94°C, and DNA fragments were

amplified in 20 cycles of denaturation (30 sec, 94°C), primer

annealing (1 min, 50°C), and DNA synthesis (1.5 min, 73°C).

Amplified fragments were purified with a P CR Purification
Spin Kit (Qiagen), digested overnight with appropriate restric-

tion enzymes, and ligated to linearized plasmid DNA. The

sequences of all cloned DNA fragments obtained through

P CR were verified by the dideoxy-chain-termination method

(Sanger et al., 1977) using the T7 Sequencing Kit (Pharma-

cia). (35S]-dATP was from Amersham. DNA and protein

sequences were analysed using version 6.7 of the PC Gene

Analysis Program (Intelligenetics Inc.). Correct integration of
linearized DNA fragments or plasmids in the chromosome of

B. subtilis was verified by Southern hybridization.

RNA was isolated as described by Azevedo et al. (1993), or

with the RNeasy Total RNA kit from Qiagen. Molecular-weight
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immunoprecipitations were performed as described by van

Dijl et al. (1991a). SDS-PAGE was performed according to

Laemmli (1970). [14C]-methylated molecular-weight markers

were from Amersham. Fluorography was performed as

described by Skinner and Griswold (1983). Relative amounts

of precursor and mature forms of secreted proteins were esti-

mated by scanning autoradiographs with an LKB ultroscan X L

laser densitometer.

Western blot analysis

Western blotting was performed according to Towbin et al.

(1979). Protein was quantified by the method of Bradford

(1976). To demonstrate the presence of the B. amylolique-

faciens (X-amylase in B. subtilis, cells were separated from

the growth medium by centrifugation (5 min, 12000 x g,

room temperature), and samples for SDS-PAGE were pre-

pared as described by van Dijl et al. (1991 a). After separation

by SDS-PAGE, proteins were transferred to Immobilon-

PVDF membranes (Millipore Corporation). The presence of

the B. amylo/iquefaciens (X-amylase was visualized with

specific antibodies and alkaline phosphatase anti-rabbit IgG

conjugates (Western-light, Tropix).

Isocitrate dehydrogenase activity

The isocitrate dehydrogenase activity in growth media of B.

subtilis was measured as described by Smith et al. (1987).

Beta-galactosidase activity

Overnight cultures were diluted 100-fold in fresh medium and

samples were taken at hourly intervals for optical density (OD)

readings (at 600 nm) and p-galactosidase activity determi-

nations. The p-galactosidase assay and the calculation of p-

galactosidase units (per OD6oo) were performed as described

by MilIer (1982).
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