JOURNAL OF BACTERIOLOGY, Apr. 1999, p. 2448-2454
0021-9193/99/$04.00+0

Vol. 181, No. 8

Copyright © 1999, American Society for Microbiology. All Rights Reserved.

The Plasmid-Encoded Signal Peptidase SipP Can Functionally

Replace the Major Signal Peptidases SipS and
SipT of Bacillus subtilis

HAROLD TJALSMA, JULIETTE vaN pEN DOLDER, WILFRIED J. J. MEIJER,§
GERARD VENEMA, SIERD BRON, anp JAN MAARTEN van DIJL*

Department of Genetics, Groningen Biomolecular Sciences and Biotechnology Institute,
University of Groningen, Kerklaan 30, 9751 NN Haren, The Netherlands

Received 5 November 1998/Accepted 1 February 1999

The gram-positive eubacterium Bacillus subtilis is the organism with the largest number of paralogous type
I signal peptidases (SPases) known. These are specified both by chromosomal and plasmid-borne genes. The
chromosomally encoded SPases SipS and SipT have a major function in precursor processing, and cells
depleted of SipS and SipT stop growing and die. In this study, we show that the SPase SipP, specified by the
B. subtilis plasmid pTA1015, can functionally replace SipS and SipT, unlike the three chromosomally encoded
SPases with a minor function in protein secretion (i.e., SipU, SipV, and SipW). Unexpectedly, SipP is not
specifically required for the processing and secretion of Orflp, which is specified by a gene that is cotrans-
cribed with sipP. These two genes form a conserved structural module of rolling-circle plasmids from B. subtilis.
As previously shown for the chromosomal sipS and sipT genes, the transcription of plasmid-borne copies of sipP
is temporally controlled, reaching maximal levels during the post-exponential growth phase when the cells
secrete proteins at high levels. However, increased transcription of sipP starts at the end of exponential growth,
about 2 h earlier than that of sipS and sipT. These data suggest that SipP fulfills a general role in the secretory

precursor processing of pTA1015-containing cells.

Type 1 signal peptidases (SPases) remove amino-terminal
signal peptides from secretory preproteins during or shortly
after their translocation across the cytoplasmic membrane, in
order to release these proteins from the frans side of this
membrane (for reviews, see references 3 and 17). Homologous
type I SPases (orthologues) have been identified in archaea,
eubacteria, and eukaryotes (3). Notably, various organisms
contain multiple (paralogous) type I SPases (3, 21). In eu-
karyotes, several of these paralogues are localized to mem-
branes of different subcellular compartments, such as the inner
membrane of mitochondria, the thylakoid membrane of chlo-
roplasts, and the endoplasmic reticular membrane, consistent
with their involvement in different pathways for protein trans-
port. In contrast, the roles of paralogous type I SPases in
archaea and eubacteria are less clear, as all of these enzymes
are localized in the cytoplasmic membrane.

The greatest number of paralogous type I SPases have been
found in the gram-positive eubacterium Bacillus subtilis, which
contains five chromosomally encoded type I SPases (20, 21,
26). Two of these, SipS and SipT, are of major importance for
protein secretion, and cells depleted of both enzymes stop
growing and die. The other three type I SPases, SipU, SipV,
and SipW, are of minor importance for protein secretion and
cell viability, and they are unable to compensate for the ab-
sence of SipS and SipT (21). Despite the fact that the speci-
ficities of all five SPases overlap, it seems that at least SipS and
SipT have a preference for different precursor proteins (1, 20).
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Consistent with their important role in secretion, transcription
of the sipS and sipT genes is temporally controlled via the
DegS-DegU two-component regulatory system, in concert with
the transcription of the genes for most secretory proteins (1, 20,
21). Thus, B. subtilis can modulate its capacity for precursor pro-
cessing, which appears to be a specific mechanism of the cell to
prevent SPase limitation under conditions of high-level secretion.
In addition to chromosomally encoded type I SPases, certain
strains of B. subtilis (natto) contain a plasmid-encoded type I
SPase, designated SipP (10). The two known sipP genes are
part of homologous structural modules, which are present on
at least two cryptic plasmids, pTA1015 and pTA1040, that
replicate via the rolling-circle mechanism. Each sipP gene was
found to be preceded by an open reading frame (ORF1),
encoding a putative secreted protein (Orflp) of unknown func-
tion (10). In the present study, aimed at a functional analysis of
the sipP gene of pTA1015, we demonstrate that SipP is not
specifically required for the secretion of Orflp, as suggested by
the presence of genes for a secreted protein and an SPase in
one structural module. Instead, SipP may have a more general
role in secretion, as it can functionally replace SipS and SipT,
unlike the other type I SPases of B. subtilis. Interestingly, the
transcription of plasmid-borne copies of sipP is temporally
controlled, like that of the chromosomal sip$S and sipT genes,
but it is most strongly increased in the transition phase be-
tween exponential and post-exponential growth, about 2 h be-
fore the transcription of sip$S and sipT begins to increase.

MATERIALS AND METHODS

Plasmids, bacterial strains, and media. Table 1 lists the plasmids and bacterial
strains used. TY (tryptone-yeast extract) medium contained Bacto Tryptone
(1%), Bacto Yeast Extract (0.5%), and NaCl (1%). Minimal medium for B.
subtilis was prepared as previously described (21). S7 media 1 and 3, used for
labeling of B. subtilis proteins with [>*S]methionine (Amersham), were prepared
as described by van Dijl et al. (24, 25). When required, media for Escherichia coli
were supplemented with ampicillin (50 pg/ml) or erythromycin (100 pg/ml);
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TABLE 1. Plasmids and bacterial strains used

Plasmid or strain Relevant properties Reference
Plasmids
pLGW200 Integration vector for B. subtilis with a promoterless lacZ gene fused to the ribosome-binding site 28
of the spol/’G gene; 6.8 kb; Cm"
pLGO201 pLGW200 derivative with a transcriptional ORF1-lacZ fusion; 7.8 kb This paper
pLGP201 pLGW200 derivative with a transcriptional sipP-lacZ fusion; 7.9 kb This paper
pTA1015 Endogenous plasmid from B. subtilis IAM1028; 5.8 kb 23
pTAB11A pTA1015 derivative; contains Km" marker in the ORF2C gene; 7.0 kb 11
pTAB-OL pTABI11A with integrated pLGO201 (ORF1-lacZ); Cm" Km"; 14.6 kb This paper
pTAB-PL pTABI11A with integrated pLGP201 (sipP-lacZ); Cm" Km"; 14.7 kb This paper
pGB18 Vector for the selection of signal sequences; contains SPO2 promoter for transcription of - 15
lactamase gene fusions; replicates in B. subtilis and E. coli; Em'; 6.1 kb
pOB1 pGB18 derivative; encodes Orflp—f-lactamase fusion protein This paper
pKVS263 Derivative of pKVS242 (6); contains the glgB gene of Bacillus stearothermophilus under control of 7
the sucrose-inducible sacB promoter; lacks the SPO2 promoter; Cm" Em"; 7.9 kb
pJDO pKVS263 derivative; lacks the glgB gene; contains the ORF1 gene of pTA1015 under control of This paper
the sucrose-inducible sacB promoter; 6.3 kb
pJDOH Like pJDO; encodes a carboxyl-terminally six-histidine-tagged Orflp This paper
Strains
E. coli MC1061 F~ araD139 A(ara-leu)7696 A(lac)X74 galU galK hsdR2 mcrA mcrB1 rspL 29
B. subtilis
8G5 Derivative of B. subtilis 168, lacking the sipP genes; trpC2 tyr his nic ura rib met ade 2
8GS sipS Like 8GS5; sipS 1
8GS sipT-Cm Like 8GS5; sipT Cm® 20
8G5 AST(pTAB11A) Like 8GS5; sipS sipT Cm'"; contains pTAB11A This paper
8GS5 degU32(Hy) Like 8G5; degU32(Hy); Km" 1
8G5::pGDE22 8G5 carrying pGDE22 (sipS-lacZ) in the chromosome; Cm" 1
8G5::pLGV201 8GS5 carrying pLGV201 (sipV-lacZ) in the chromosome; Cm" 20

media for B. subtilis were supplemented with chloramphenicol (5 pg/ml), eryth-
romycin (1 pg/ml), or kanamycin (10 pg/ml).

DNA and RNA techniques. Procedures for DNA purification, restriction, li-
gation, agarose gel electrophoresis, and transformation of E. coli were carried
out as described by Sambrook et al. (18). Enzymes were from Boehringer Mann-
heim. B. subtilis was transformed by growth in minimal medium to an optical
density at 600 nm (ODy,) of *1, subsequent addition of plasmid or chromo-
somal DNA to the culture, and continued incubation for at least 4 hours. PCR
was carried out with Vent DNA polymerase (New England Biolabs) as described
by van Dijl et al. (27).

To construct an Orflp-B-lactamase fusion protein, the 5’ sequences of ORF1,
specifying the 50 amino-terminal residues of Orflp, were amplified by PCR with
primers orfl-1 (5'-TAT GGA TCC TAT TGA ATT TTG CTA GGA GGG-3")
and orfl-2 (5'-GAT CGT CGA CTC ATA ACT TTT TGT TGA AGA TTG
GG-3'), using plasmid pTA1015 as the template. The amplified fragment was
cleaved with BamHI and Sall and ligated to the corresponding sites of plasmid
pGBI18 (15), resulting in plasmid pOB1. The first 57 residues of the Orflp-B-
lactamase fusion protein specified by pOB1 are MVTTIGKSKMWVGIIVVLS
LLLVSFSPA/VK/A/DTKDKYYSTTSTQSSTKSY-GDPLEST (putative SPase
cleavage sites [/] and the fusion point between Orflp and B-lactamase [-] are
indicated). Putative SPase cleavage sites were predicted with the SignalP algo-
rithm for signal peptides from gram-positive bacteria (14).

To construct plasmids for overproduction of Orflp or a carboxyl-terminally
six-histidine-tagged Orflp (Orflp-His), the ORF1 gene was amplified by PCR
with primers Ibp-1 (5'-TAT TGT CGA CAA GTA TTG AAT GC-3’) and Ibp-3
(5'-TCT TTC TAG AGC TCT ATC TAC AAT CGG GAC TCC-3; no six-
histidine tag) or Ibp-1 and Ibp-4 (5'-TCT TTC TAG AGC TCT AAT GGT GAT
GGT GAT GGT GTC TAC AAT CGG GAC TCC-3'; specifying a six-histidine
tag). The amplified fragments were cleaved with Sa/l and Xbal and ligated to the
Sall and Nhel sites of plasmid pKVS263. The resulting plasmids, in which the
tagged ORF1 gene is under control of the sucrose-inducible sacB promoter, were
designated pJDO (specifying Orflp) and pJDOH (specifying Orflp-His).

To construct pTAB-OL, a DNA fragment comprising the 3’ end of the rep
gene and the 5" end of ORF1 was amplified by PCR with primers bea-3 (5'-GAT
CGA ATT CAT AAA GAA CTA AAC CTC GGT G-3') and bea-4 (5'-GAT
CGG ATC CTA TCT ACA ATC GGG ACT CC-3’). Next, the amplified frag-
ment was digested with EcoRI and BamHI and ligated into the corresponding
sites of the multiple cloning site upstream of the spoVG-lacZ gene fusion on
pLGW200, resulting in pLGO201 (ORF1-lacZ). Finally, the ORF1-lacZ fusion
was introduced in pTAB11A by a Campbell-type integration of pLGO201, re-
sulting in pTAB-OL, in which the transcription of lacZ is directed by the pro-
moter(s) of ORF1. Similarly, to construct pTAB-PL (sipP-lacZ), a fragment
comprising the 3’ end of ORF1 and the 5’ end of the sipP gene was amplified by

PCR with primers bea-3 and bea-6 (5'-GAT CGG ATC CTA TAT CAC AAT
AGC CTT GCC CC-3’). Next, the amplified fragment was ligated into
pLGW200, resulting in pLGP201 (sipP-lacZ). Finally, the sipP-lacZ gene fusions
was introduced in pTABI1A by a Campbell-type integration of pLGP201, re-
sulting in pTAB-PL, in which the transcription of lacZ is directed by the pro-
moter(s) of ORF1 and/or sipP.

RNA for reverse transcription (RT)-PCR was isolated with a RNeasy total
RNA kit from Qiagen, dissolved in 100 mM sodium acetate-5 mM Mg,SO, (pH
5.0) containing DNase I (RNase free; Boehringer Mannheim), and incubated for
30 min at 25°C. Subsequently, the RNA was extracted with phenol-chloroform,
precipitated with ethanol, and dissolved in RNAse-free water. First-strand
cDNA synthesis with reverse transcriptase and a random primer set was carried
out with a first-strand cDNA synthesis kit from Amersham International, and
cDNAs were detected by PCR with specific primers.

Plate assay for the secretion of B-lactamase. The plate assay for the secretion of
B-lactamase by B. subtilis cells was carried out as described by van Dijl et al. (26).

B-Galactosidase activity assay. Overnight cultures were diluted 100-fold in
fresh medium, and samples were taken at hourly intervals for ODgq, readings
and B-galactosidase activity determinations. The assay and the calculation of
B-galactosidase units (expressed as units per ODy,) were carried out as de-
scribed by Miller et al. (12).

Protein labeling, immunoprecipitation, SDS-PAGE, and fluorography. Pulse-
chase labeling of B. subtilis, immunoprecipitation, sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE), and fluorography were performed
as described previously (24, 25).

Western blot analysis. Western blotting was performed as described by Kyhse-
Andersen (9). Spheroplasts of E. coli were prepared as described by van Dijl et
al. (24). Samples for SDS-PAGE were prepared as described by van Dijl et al.
(25, 26). After separation by SDS-PAGE, proteins were transferred to Immo-
bilon polyvinylidene difluoride membranes (Millipore Corporation). B-Lacta-
mase was visualized with specific antibodies and horseradish peroxidase—anti-
rabbit immunoglobulin G conjugates (Amersham International). Orflp-His was
visualized with six-histidine-specific monoclonal antibodies (Amersham Interna-
tional) and horseradish peroxidase—anti-mouse immunoglobulin G conjugates
(Amersham International). SipS, SipT, and SipP were visualized as described for
B-lactamase, using antibodies directed against SipS, which show a weak cross-
reactivity with SipT and SipP.

RESULTS

sipP is cotranscribed with ORF1. In the sipP module of
pTA1015, ORF1 and sipP are separated by a region of 102 bp,



2450 TJALSMA ET AL.

@

J. BACTERIOL.

pTA1015 RT-PCR
+RT RT
SL SL SL ' Q ! '
— Q. & o
s - > & & &
rep ORF1 sipP
ol
-> 650 bp =
. 270 by
—
o1 02 el
> - 180 bp =

FIG. 1. Cotranscription of ORF1 and sipP. (A) Schematic presentation of the ORF1-sipP module of pTA1015. The positions of primers used for RT-PCR are
indicated. Primers O1 (5'-GAT GGC GCT ACT CTG GG-3') and O2 (5'-ACT ATC TAC AAT CGG GAC TCC-3") were used to detect ORF1-specific transcripts;
primers P1 (5'-TAG AAA TGA AGA ATG ACC-3') and P2 (5'-TCG CAT ATT ACT AAA TGG-3") were used to detect sipP-specific transcripts; primers O1 and
P2 were used to detect transcripts of ORF1 and sipP. The positions of potential stem-loop structures (SL) are indicated (10, 11). (B) DNA fragments amplified by
RT-PCR with the primer sets O1-O2 (ORF1), P1-P2 (sipP), and O1-P2 (ORF1-sipP) were separated on a 2% agarose gel containing ethidium bromide (1 pg/ml) and
visualized by UV illumination (lanes labeled +RT). As a negative control, reactions were also performed in the absence of reverse transcriptase (lanes labeled —RT).
The positions of amplified DNA fragments corresponding to ORF1 (180 bp), sipP (270 bp), and ORF1-sipP (650 bp) are indicated.

containing a potential stem-loop structure (Fig. 1A; see refer-
ence 10). As a first approach to investigate a possible func-
tional relationship between these two genes, RT-PCR was per-
formed on total RNA isolated from a B. subtilis strain
containing pTA1015. As shown in Fig. 1B, RT-PCR fragments
were amplified with ORF1- and sipP-specific primers, showing
that both genes are transcribed. Moreover, a 650-bp fragment
was amplified with one ORF1- and one sipP-specific primer
(Fig. 1B), showing that ORF1 and sipP are cotranscribed. In
contrast, no RT-PCR fragment containing sequences of both
ORF1 and the upstream-located rep gene for plasmid replica-
tion could be amplified (data not shown). Together, these
findings show that ORF1 and sipP of pTA1015 form a func-
tional unit, at least with respect to their transcription.

SipP-independent processing and secretion of the ORF1-
encoded protein. To investigate whether Orflp contains a
cleavable signal peptide as previously predicted (10), the se-
quence encoding the first 50 amino-terminal residues of this
protein was fused to the truncated TEM—-B-lactamase gene of
pGB18, which lacks its own signal sequence (15). In E. coli, the
resulting plasmid pOBI1 gave rise to resistance to high levels of
ampicillin (>50 pg/ml), showing that the Orflp—B-lactamase
fusion protein was translocated across the cytoplasmic mem-
brane (data not shown). As shown by Western blotting, E. coli
cells containing pOBI1 (Fig. 2A, +SP) accumulated two forms
of B-lactamase with the predicted molecular masses of precur-
sor and mature forms of the Orflp—@B-lactamase fusion protein,
respectively. Only the mature form was released into the
periplasm (Fig. 2A, +SP), showing that the Orflp—B-lactamase
fusion protein is synthesized with a cleavable signal peptide.
Interestingly, this signal peptide was removed in a SipP-inde-
pendent manner, most likely by the type I SPase (i.e., leader
peptidase) of E. coli. Similarly, as shown in pulse-chase label-
ing experiments, the precursor of the Orflp—B-lactamase fu-
sion protein was processed to its mature form in B. subtilis
8G5, a strain lacking SipP (Fig. 2B). Subsequently, the mature
form was secreted into the growth medium (Fig. 2B and C).
Taken together, these results show that Orflp is synthesized
with a signal peptide that is functional in E. coli and B. subtilis
and that can be removed from the Orflp-p-lactamase fusion
protein in a SipP-independent manner.

To investigate whether the complete Orflp is secreted into
the growth medium in a SipP-dependent manner, Western
blotting experiments were performed with Orflp-His, which
was expressed by using a sucrose-inducible promoter. As
shown in Fig. 3, a B. subtilis strain lacking SipP secreted Orflp-
His into the medium upon induction with sucrose. Further-
more, sucrose-induced cells did not accumulate the precursor
or mature forms of this protein (data not shown). These find-
ings show that the processing and secretion of Orflp do not
specifically require the presence of SipP, suggesting that the
functional relationship between Orflp and SipP is limited to
the cotranscription of the corresponding genes.

Increased transcription of sipP in the transition phase be-
tween exponential and postexponential growth. Previous re-
sults showed that the transcription of the sipS and sipT genes is
temporally controlled, in concert with most genes for secretory
proteins, whereas the sipU, sipV/, and sipW genes are constitu-
tively transcribed (1, 20, 21). To analyze the transcription of
plasmid-borne copies of ORF1 and sipP, transcriptional
ORF1-lacZ and sipP-lacZ fusions were introduced in plasmid
pTABL1A, a derivative of pTA1015 containing a selectable
kanamycin resistance (Km") marker. The resulting plasmids
were named pTAB-OL (ORFl1-lacZ) and pTAB-PL (sipP-
lacZ), respectively (the ORF1-sipP regions of both plasmids
are schematically shown in Fig. 4A). Next, B. subtilis 8G5 cells
transformed with pTAB-OL or pTAB-PL were grown in TY
medium, and samples withdrawn at hourly intervals were as-
sayed for B-galactosidase activity. B. subtilis 8GS5::pGDE22 (sipS-
lacZ; temporally controlled expression) and 8G5:pLGV201
(sipV-lacZ; constitutive expression) were used as control
strains to compare the expression levels of the plasmid-borne
sipP gene with those of the chromosomal sip$S and sipl” genes.
The results show that the transcription of sipP is temporally
controlled, being low in the exponential growth phase and
strongly increased in the transition phase (time zero), between
exponential and post-exponential growth; in contrast, sipS
transcription starts to increase about 2 h after the transition
phase, reaching levels comparable to those of sipP transcrip-
tion about 3 h later (Fig. 4B). The time course of ORF1
transcription (Fig. 4C) appears to be comparable to that of
sipP, but the ORF1 transcription levels are about 10-fold
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FIG. 2. SipP-independent processing of the Orflp-B-lactamase fusion pro-
tein. (A) E. coli cells containing pOBI, specifying the Orflp—B-lactamase fusion
protein (+SP), and E. coli cells containing pGB18, which contains a B-lactamase
gene without a ribosome-binding site and signal sequence (—SP; negative con-
trol) were grown overnight in TY medium. Samples of intact cells (cells) or
spheroplast supernatants (periplasm) were used for SDS-PAGE and Western
blotting. The positions of precursor (p) and mature (m) forms of the Orflp—B-
lactamase fusion protein are indicated. (B) Processing of Orflp—-B-lactamase in
B. subtilis 8G5 and secretion of the corresponding mature form into the medium
was analyzed by pulse-chase labeling at 37°C and subsequent immunoprecipita-
tion, SDS-PAGE, and fluorography. Cells were labeled with [>>S]methionine for
1 min prior to chase with excess nonradioactive methionine. Samples were
withdrawn after the chase at the times indicated, and cells and medium were
separated by centrifugation. The positions of precursor (p) and mature (m)
forms of the Orflp—B-lactamase fusion protein are indicated. (C) Secretion of
B-lactamase into the growth medium surrounding colonies of B. subtilis 8G5
transformed with pOB1 (+SP) was demonstrated by transfer of cells to fresh
plates, overnight growth at 37°C, and a plate assay for B-lactamase activity as
described by van Dijl et al. (26). In this assay, B-lactamase activity results in halo
formation. Compared to cells containing pOBI, cells containing pGB18 (—SP)
formed small halos, due to the secretion of the chromosomally encoded penicil-
linase PenP (22, 26).

higher during all growth phases and the increase of ORF1
transcription in the transition phase is less pronounced. The
latter findings suggest that the stem-loop structure between
ORF1 and sipP has a regulating effect on sipP transcription,
terminating at least 90% of the transcriptional activity from the
ORF1 promoter. Taken together, these results show that the
transcription of plasmid-borne copies of sipP is well coordi-
nated with that of the plasmid-borne ORF1 and the chromo-
somal genes for secreted degradative enzymes (5, 13), even
better than has been found for sipS and sipT of B. subtilis (1, 20,
21).

SipP can functionally replace the major SPases SipS and
SipT. B. subtilis cells depleted of SipS and SipT are not viable,
and SipU, SipV, and SipW cannot functionally replace these
two major SPases (21), even if the sipU, sipV, or sipW gene is
placed on multicopy plasmids (22). To investigate whether
SipP can compensate for the absence of SipS and SipT, we
made use of plasmid pTAB11A, which carries the sipP gene of
pTA1015 (10). First, pTAB11A was used to transform B. sub-
tilis 8GS5 sipS, which lacks the sipS gene (1); subsequently, the
sipT gene of the resulting strain was disrupted with a chloram-
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FIG. 3. SipP-independent secretion of Orflp in B. subtilis. The secretion of
Orflp into the medium of B. subtilis 8G5 was demonstrated by using the sucrose-
inducible protein Orflp-His. Cells of B. subtilis 8G5 containing either pJDO
(Orflp; negative control) or pJDOH (Orflp-His) were transformed with chro-
mosomal DNA of B. subtilis 8G5 degU32(Hy) for high sacB promoter activity.
Upon overnight growth at 37°C in the presence (+) or absence (—) of 2%
sucrose, samples were withdrawn. Cells and medium were separated by centrif-
ugation, and the medium fractions were, upon fourfold concentration by trichlo-
roacetic acid precipitation, used for SDS-PAGE and Western blotting. The
position of Orflp-His is indicated. The synthesis of Orflp-His in the absence of
sucrose is due to background activity of the noninduced sacB promoter.

phenicol resistance (Cm") marker (schematically shown in Fig.
5A). As verified by Southern blotting, the resulting strain, 8G5
AST(pTABI11A), lacked the sipS and sipT genes (data not
shown). Furthermore, as shown by Western blotting, the latter
strain lacked the SipS and SipT proteins but produced SipP,
showing that SipP can functionally replace SipS and SipT (Fig.
5B; weak SipT- and SipP-specific signals were detected in
strains with intact sipT or sipP genes due to cross-reactivity of
the anti-SipS antibodies with SipT and SipP). Similarly, the
chromosomal sipS and sipT genes could be replaced by plas-
mid-borne copies of either sip$S or sipT but not by an empty
vector lacking a sip gene (data not shown). Finally, Western
blotting experiments showed that the replacement of SipS and
SipT by SipP did not significantly affect the accumulation of
the Orflp—B-lactamase fusion protein in cells of B. subtilis (Fig.
5C). In summary, these observations demonstrate that SipP of
pTA1015 is a functional equivalent of the major chromosoma-
lly encoded SPases SipS and SipT.

DISCUSSION

About 47% of the B. subtilis genes belong to paralogous
gene families (8). As very little is known about why these
paralogous genes have evolved in B. subtilis (and other organ-
isms), we have initiated a functional analysis, starting with the
sip gene family, which consists of five chromosomal (21) and at
least two plasmid-borne genes (10). We have recently reported
that under laboratory conditions, the presence of one chromo-
somally encoded SPase (i.e., SipS or SipT) is sufficient for
protein secretion, growth, and viability, suggesting that the
secretory precursor processing machinery of B. subtilis is func-
tionally redundant (21). The presence of multiple SPases is,
however, required for optimal processing of various precursors
(1, 26). These findings suggest that the sip gene family has
evolved both to provide the cell with backup SPases and to
prevent potential bottlenecks for protein secretion, in partic-
ular under conditions of high-level synthesis of secretory pro-
teins. In addition, the presence of multiple sip genes allows the
cell to use different mechanisms to regulate their expression, as
illustrated by the concerted, temporally regulated transcription
of sipS, sipT, and the genes for secreted degradative enzymes
(1, 20, 21). Finally, it seems that at least the chromosomally
encoded SPases have acquired a preference for different pre-
cursor proteins (1, 19-21). Under natural conditions, these
properties of the sip gene family may be important for the
fitness of B. subtilis, which can secrete large amounts of pro-
teins into the medium as an adaptive response to changes in
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FIG. 4. Temporally controlled transcription of ORF1 and sipP. (A) Schematic presentation of the ORF1-sipP regions of pTAB-OL and pTAB-PL, containing
transcriptional ORF1-lacZ and sipP-lacZ gene fusions, respectively. The ORF1- and sipP-lacZ gene fusions were constructed with plasmid pLGW200 (28), an
integration plasmid for B. subtilis containing a promoterless spoVG-lacZ gene fusion (see Materials and Methods for details). In pTAB-OL, the transcription of lacZ
is directed by the promoter(s) of ORF1. In pTAB-PL, the transcription of lacZ is directed by the promoter(s) of ORF1 and/or sipP. DNA fragments amplified by PCR
are indicated with black bars. Only restriction sites relevant for the constructions are shown (Ba, BamHI; Ec, EcoRlI; Sc, Sacl). ‘rep, 5' truncated rep gene; ORF1’, 3’
truncated ORF1 gene; sipP’, 3’ truncated sipP gene; ‘ORF1, 5’ truncated ORF1 gene; ori pPBR322, replication functions of pBR322; SL, potential stem-loop structures.
(B) Time course of the transcription of sip-lacZ gene fusions were determined in cells growing in TY medium at 37°C. B-Galactosidase activities (in units per ODy)
were determined for B. subtilis SG5(pTAB-PL) () (sipP-lacZ), B. subtilis 8G5:pGDE22 (O) (sipS-lacZ) (1), and B. subtilis 8G5::pLGV201 (@) (20) (sipV-lacZ). Time
zero indicates the transition point between the exponential and post-exponential growth phases. (C) The time course of transcription of the ORF1-lacZ gene fusion

was determined as for panel B, using B. subtilis 8G5(pTAB-OL) (O).

the environment. If our explanations for the presence of
paralogous sip genes in B. subtilis are correct, there remains the
intriguing question of why other genes that are essential for
protein secretion and viability, such as secA and secY, were not
multiplied during the evolution of this organism.

Our present studies suggest that the presence of a plasmid-
borne sipP gene from B. subtilis (natto) provides this organism
with yet another system to prevent SPase limitation. First,
using strains derived from B. subtilis 168 which, in contrast to
B. subtilis (natto), are highly amenable to genetic analyses, we
show that SipP is a functional equivalent of the two major
SPases, SipS, and SipT. For the latter two SPases, we have
previously shown that their limitation is highly detrimental to
the cell (21). Second, we show that the expression of plasmid-

borne copies of sipP is temporally regulated in concert with the
expression of at least one other plasmid-specific gene for a
secretory protein, ORF1. In fact, as the transcription of sipP
starts to increase most strongly in the transition phase between
exponential and post-exponential growth, about 2 h before the
transcription of sipS and sipT starts to increase, it seems that
the transcription of sipP is coordinated even better with the
transcription of genes for secreted enzymes than that of sipS
and sipT. The observation that SipP is not specifically required
for processing of Orflp is in line with a more general role of
SipP in the processing of chromosomally encoded precursor
proteins. Finally, the presence of the sipP gene on pTA1015 is
likely to be advantageous because this plasmid can spread by
conjugative mobilization throughout a Bacillus population
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FIG. 5. Functional replacement of sipS and sipT by sipP. (A) Schematic
presentation of the construction of B. subtilis AST(pTAB11A) in two steps. First,
B. subtilis 8G5 sipS (1) was transformed with pTAB11A expressing the sipP gene.
Second, the sipT gene of the resulting strain was disrupted with a Cm" marker by
transformation with chromosomal DNA of B. subtilis sipT-Cm containing a Cm"
marker inserted in the sipT gene. The Cm" marker was integrated into the sipT
gene of the transformed strain via homologous recombination (20). Only restric-
tion sites relevant for the constructions are shown (Hi, HindII; Ec, EcoRI; Nc,
Ncol). sipS, 5' truncated sipS gene (1); sipT”, 5" end of the disrupted sipT gene;
sipT, 3" end of the disrupted sipT gene; ori pBR322, replication functions of
pBR322; SL, potential stem-loop structures. (B) Detection of SipS, SipT, and
SipP. B. subtilis 8G5 (wild type [WT]), 8G5 sipT-Cm (AT), 8GS5 sipS (AS), and
AST(pTAB11A) (AST+SipP) were transformed with pOB1, which specifies the
Orflp-B-lactamase fusion protein. Next, pOBl-containing cells were grown in
TY medium until 5 h after the transition phase between exponential and post-
exponential growth. Cells were collected by centrifugation and used for SDS-
PAGE and Western blotting to detect SipS, SipT, and SipP with antibodies
directed against SipS. These antibodies show weak cross-reactivity with SipT and
SipP. The positions of SipS, SipT, and SipP are indicated. (C) The presence of
the pre-Orflp—B-lactamase fusion protein in samples of B. subtilis 8G5 (WT),
8GS5 sipT-Cm (AT), 8GS5 sipS (AS), or AST(pTAB11A) (AST+SipP), all of which
contained pOB1, was visualized with specific antibodies as for panel B. Positions
of precursor (p) and mature (m) forms are indicated.

(11). Even though these considerations are based on experi-
ments with B. subtilis 168-derived strains, we are convinced
that they are also relevant for B. subtilis (natto), in view of the
close genetic relationship between these two different isolates
of the same organism (16).

The observation that the cell needs a functional copy of
either sip§ or sipT (21) suggests that the enzymes specified by
these genes share the ability to process at least one essential
protein that is exported from the cytoplasm, either to the cell
wall or to the growth medium. In this respect, we conclude that
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SipS, SipT, and SipP must have similar substrate specificities,
as SipP can functionally replace SipS and SipT. The substrate
specificities of SipS, SipT, and SipP seem to differ, at least
partly, from those of SipU, SipV, and SipW, which cannot
complement the absence of SipS and SipT (21). As illustrated
by the observation that the a-amylase AmyQ of Bacillus
amyloliquefaciens is a preferred substrate of SipT but not of
SipS (20), even the substrate specificities of SipS and SipT are
not identical. At present, we do not know whether the sub-
strate specificity of SipP is more similar to that of SipS or SipT,
and whether SipP has a preference for Orflp. Our observation
that SipP is not specifically required for the processing of
Orflp does not exclude the latter possibility. It will be a major
challenge for future research to identify the factors that deter-
mine the similarities and differences in the substrate specific-
ities of the type I SPases of B. subtilis. This should lead to an
increased understanding of SPase function in general, and the
development of algorithms to predict which of the approxi-
mately 180 putative secreted proteins of B. subtilis (22) is
processed by which SPase(s) in particular.

The question of why the sipP modules of pTA1015 and
pTA1040 contain the ORF1 gene remains to be answered. The
identification of this module on endogenous plasmids of B.
subtilis (natto) strains suggests that ORF1 has a role during the
production of natto, a traditional Japanese food product based
on fermented soy beans. However, the production of Orflp in
B. subtilis 168 strains did not result in the production of extra-
cellular polymers, such as polyglutamate and levan (11), show-
ing that Orflp by itself is not sufficient for the production of
natto.

Finally, the temporally controlled transcription of genes on
naturally occurring rolling-circle plasmids of a gram-positive
bacterium has thus far been reported only for certain rep genes,
their expression being high in the exponential growth phase
and low in the post-exponential growth phase (4). The tempo-
rally controlled transcription of plasmid-encoded genes, such
as ORF1-sipP, in concert with the transcription of chromo-
somally encoded genes, as documented in the present report is
unprecedented. To explain the observed differences in the reg-
ulation of the sipP and sip§S genes, which may simply be due to
the fact that sipP is located on a multicopy plasmid, whereas
sipS is located on the chromosome, it will be important to
identify the factors that control the transcription of ORF1-
sipP. This will also be important to increase our understanding
of the ways in which eubacteria, such as B. subtilis, which are
challenged by highly fluctuating environmental conditions ex-
ploit plasmids to increase their fitness.
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