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Evidence for a novel protease governing
regulated intramembrane proteolysis
and resistance to antimicrobial peptides
in Bacillus subtilis

Craig D. Ellermeier and Richard Losick’
Department of Molecular and Cellular Biology, Harvard University, Cambridge, Massachusetts 02138, USA

Evidence is presented that the activation of the RNA polymerase o factor ¢V in Bacillus subtilis by regulated
intramembrane proteolysis is governed by a novel, membrane-embedded protease. The oV factor is activated
by proteolytic destruction of the membrane-bound anti-o" factor RsiW in response to antimicrobial peptides
and other agents that damage the cell envelope. RsiW is destroyed by successive proteolytic events known as
Site-1 and Site-2 cleavage. Site-2 cleavage is mediated by a member of the SpoIVFB-S2P family of
intramembrane-acting metalloproteases, but the protease responsible for Site-1 cleavage was unknown. We
have identified a previously uncharacterized, multipass membrane protein called PrsW (annotated YpdC) that
is both necessary and sufficient (when artificially produced in an unrelated host bacterium) for Site-1 cleavage
of RsiW. PrsW is a member of a widespread family of membrane proteins that includes at least one previously

known protease. We identify residues important for proteolysis and a cluster of acidic residues involved in

sensing antimicrobial peptides and cell envelope stress.
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Cells respond to their environment by means of systems
that transduce a signal from outside the cell into a tran-
scriptional response inside the cell. One broad category
of signal transduction systems is known as regulated in-
tramembrane proteolysis (RIP) and involves the cleavage
of a protein from within the plane of the membrane to
affect the release or activation of a transcription factor
(Brown and Goldstein 1997; Brown et al. 2000). Here we
are concerned with a particular example of RIP involving
a member of the extracytoplasmic function (ECF) family
of alternative o factors in Bacillus subtilis known as ¢*,
which is activated in response to antimicrobial peptides
and other agents that cause damage to the cell envelope
(Pietiainen et al. 2005; Butcher and Helmann 2006).
The signal transduction system governing the activa-
tion of o™ represents a type of RIP involving a member of
the SpoIVFB-S2P family of proteases. SpoIVFB-S2P fam-
ily members are intramembrane-acting, zinc metallopro-
teases and are found in a wide range of organisms, in-
cluding many kinds of bacteria as well as flies and mam-
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mals (Lewis and Thomas 1999; Rudner et al. 1999; Yu
and Kroos 2000). In such systems, activation of the tran-
scription factor is governed by two, successive proteo-
lytic events known as Site-1 and Site-2 cleavage (Rawson
et al. 1997; Sakai et al. 1998). Regulation is exerted prin-
cipally at Site-1 cleavage with Site-2 cleavage, the step
involving intramembrane proteolysis, generally (but not
always) (Chen et al. 2005, 2006) occurring as a passive
consequence of the first cleavage event. In some cases
the two cleavage events take place on the same sub-
strate, whereas in at least one case, Site-1 cleavage takes
place on one protein and Site-2 cleavage on a second
protein.

The founding member of the SpoIVFB-S2P family of
proteases is the B. subtilis multipass, membrane protein
SpoIVEB, which is responsible for activating the sporu-
lation-specific transcription factor ¢ by catalyzing the
proteolytic processing (Site-2 cleavage) of its inactive
proprotein precursor, pro-c* (Fig. 1; Cutting et al. 1990,
1991b; Rudner et al. 1999; Yu and Kroos 2000). The con-
version of pro-¢® to mature ¢¥ is governed by a signal
transduction pathway in which a signaling protein, the
serine protease SpolVB, cleaves SpoIVFA (Site-1 prote-
olysis), which (together with another protein called
BofA) inhibits the SpoIVFB processing enzyme (Cutting
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Figure 1. Examples of regulated intramembrane proteolysis
and a model for the role of PrsW. Shown in green are proteases
for Site-1 cleavage, the substrates are light blue, the proteases
for Site-2 cleavage are dark blue, and transcription factors acti-
vated or released as a consequence of Site-2 cleavage are yellow.
Red arrows point to the sites of cleavage on the substrates. See
the text for details. Shown as green circles are the amino acid
substitutions that rendered PrsW constitutively active (D23G,
E28A, and E95K), and shown as red circles are residues con-
served among family members at which substitutions (E75A,
E76A, and H175A) rendered the protein inactive.

et al. 1991a; Wakeley et al. 2000; Hoa et al. 2002; Rudner
and Losick 2002; Dong and Cutting 2003; Zhou and
Kroos 2005; Campo and Rudner 2006). Thus, Site-1
cleavage of SpoIVFA relieves inhibition of SpoIVFB,
thereby triggering Site-2 cleavage of pro-o® (Kroos et al.
2002; Rudner and Losick 2002; Dong and Cutting 2003).
The ¢® signal transduction system is therefore a cas-
cade in which Site-1 and Site-2 cleavages take place on
different substrates. In contrast is the RIP signal trans-
duction system governing the expression of genes in-
volved in cholesterol biosynthesis in mammals, in
which cleavage within the plane of the membrane was
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first recognized (Wang et al. 1994). In this system, a sub-
tilisin-like, serine protease called S1P causes Site-1
cleavage of the Sterol Response Element-Binding Protein
(SREBP), a transcriptional regulatory protein that is teth-
ered in the Golgi apparatus by transmembrane segments
(Sakai et al. 1998; Brown and Goldstein 1999). Site-1 cleav-
age of SREBP takes place in the lumen of the Golgi (Raw-
son et al. 1997; Zelenski et al. 1999). This proteolysis, in
turn, triggers Site-2 cleavage of the remaining portion of
SREBP by the Site-2 protease S2P, resulting in the release
from the membrane of a fragment of SREBP containing the
DNA-binding domain of the regulatory protein, which
then enters the nucleus (Wang et al. 1994; Brown and Gold-
stein 1999).

A third example of RIP involving a SpoIVFB-S2P-re-
lated protease involves members of the ECF family of
alternative o factors, for which o® of Escherichia coli is
the best-studied example (Fig. 1). Here, the substrate for
Site-1 and Site-2 cleavage is a membrane-bound anti-o
factor (RseA) that tethers ¢F to the cytoplasmic mem-
brane. In response to extracytoplasmic signals (the pres-
ence of unfolded, outer membrane B-barrel proteins in
the periplasm), a serine protease in the periplasm known
as DegS carries out Site-1 cleavage of the RseA anti-o
factor (Ades et al. 1999; Alba et al. 2002; Walsh et al.
2003; Wilken et al. 2004). The resulting remnant of RseA
becomes a substrate for a Site-2 protease (YaeL, which is
also referred to as RseP) (Alba et al. 2002; Kanehara et al.
2002, 2003), which, in turn, renders the remaining N-
terminal portion of RseA a substrate for further degrada-
tion by CIpXP (Flynn et al. 2004). As a consequence of
these events, the anti-o factor is destroyed and oF is free
to activate transcription.

Like oF of E. coli, ™ of B. subtilis is controlled by a
membrane-bound anti-o factor RsiW (Fig. 1; Cao et al.
2002b; Schobel et al. 2004; Yoshimura et al. 2004). The
Site-2 protease for RsiW is called YIuC and is closely
related to RseP of E. coli (Schobel et al. 2004). However,
up until now the protease responsible for Site-1 cleavage
of RsiW has remained elusive. B. subtilis has homologs
of E. coli DegS, but evidence indicates that none of these
are involved in Site-1 cleavage (Schobel et al. 2004). Also,
B. subtilis lacks a periplasm, and hence, the mechanisms
by which Site-1 cleavage is achieved and by which ex-
tracytoplasmic signals are sensed are likely to be dif-
ferent than the mechanisms for the o® ECF factor. Here
we present evidence indicating that the product of a
previously uncharacterized gene (annotated ypdC) is a
novel protease that is responsible for Site-1 cleavage of
the RsiW anti-o factor. The ypdC gene product (here-
after referred to as PrsW for protease responsible for ac-
tivating o%) is not a serine protease and is unrelated to
other proteases known to be responsible for Site-1 cleavage.
Instead, PrsW is a member of a novel and widespread fam-
ily of proteins that includes at least one other known
protease. Our analysis leads us to propose that PrsW is
responsible for sensing antimicrobial peptides that dam-
age the cell membrane and other agents that cause cell
envelope stress, and to suggest a mechanism by which it
does so.
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Results

Isolation of mutants resistant to the cannibalism
toxin SdpC

Our discovery of a previously uncharacterized gene in-
volved in the activation of ¢* arose during the course of
studying cannibalism in B. subtilis. Cannibalism is a
phenomenon in which cells at the start of sporulation,
which is triggered by nutrient limitation, kill sibling
cells that have not entered the pathway to sporulate
(Gonzalez-Pastor et al. 2003). The nutrients released by
this killing arrest the sporulating cells prior to the stage
of development at which spore formation becomes irre-
versible. Cannibalism is therefore a means by which B.
subtilis delays becoming committed to spore formation.
Killing is mediated in part by a protein toxin called
SdpC. Sporulating cells, which produce the cannibalism
toxin, are protected from self-killing (suicide) by an im-
munity protein called SdpI. Cells that are mutant for the
SdpIl immunity protein are sensitive to, and killed by, the
SdpC toxin (Ellermeier et al. 2006). Thus, as seen in Fig-
ure 2, the absence of SdpI (SdpI”) caused lethality in cells
grown on solid Difco Sporulation (DS) medium. This le-
thality depended on SdpC in that cells lacking both the
Sdpl immunity protein and the SdpC toxin were fully
viable (SdpI- SdpC~ in Fig. 2). Instead, colonies of the
double mutant (in which cannibalism was abrogated)
sporulated faster than colonies of the wild type as evi-
denced by the greater whiteness and opacity of the SdpI~
SdpC~ mutant colonies. The requirement for the Sdpl
immunity protein in protecting against killing is also

7 Sdpl-
Prs\WE9SK

Figure 2. Isolation of mutants resistant to the cannibalism
toxin SdpC. Strains were wild type (PY79) or mutant for the SdpI
immunity protein (Asdpl; strain EG441), mutant for SdpI and
RsiW (Asdpl and ArsiW; strain CDE562), mutant for Sdpl and
producing the missense mutant protein PrsWE ¥ (Asdpl AprsW
and thrC::PprsWESK; strain CDE423), mutant for Sdpl and
PrsW (AsdpI and AprsW; strain CDE407), mutant for SdpI and
" (AsdpI and AsigW; strain CDE432), and mutant for the SdpC
toxin and the Sdpl immunity (AsdpABCIR; strain EG494), or
SdpC, Sdpl, and o% (AsdpABCIR and AsigW; strain CDE433).
Growth was for 16 h at 37°C on solid DS medium (Harwood and
Archibald 1990). Note that mutants lacking SdpC and Sdpl (or
SdpC, Sdpl, and o) were not only unimpaired in their growth
but also produced whiter and more opaque colonies than the
wild type due to accelerated sporulation (lack of cannibalism).

Regulated intramembrane proteolysis

seen in the competition experiment of Table 1, in which
cells mutant for SdpC alone or for both SdpC and SdpI
were challenged with wild-type cells that had been
tagged with LacZ. A comparison of line B with line C
shows that survival against toxin-producing wild-type
cells required SdplL.

During the course of studying cannibalism in colonies
growing on solid medium, we noticed that suppressor
mutants arose that appeared to be resistant to SdpC in
the absence of Sdpl. As a starting point for this investi-
gation, we isolated and characterized 15 such suppressor
mutant derivatives of an sdpl mutant. Evidence indi-
cated that none of the suppressor mutants were blocked
in the production of the SdpC toxin (data not shown).
Evidently, then, they had acquired mutations that pro-
tected them against the toxin.

We mapped the suppressor mutations by generating
transposon insertions in the suppressor strains and then
identifying insertions linked to the suppressor muta-
tions (see Materials and Methods). We mapped the mu-
tations to rsiW (ybbM), ysdB, and the previously unchar-
acterized gene prsW (ypdC). Eight were recessive mu-
tations in rsiW (as they could be complemented by
wild-type rsiW), six were recessive mutations in ysdB (as
they could be complemented by wild-type ysdB), and one
that caused a glutamate-to-lysine substitution at residue
95 was a missense mutation (prsWE°%) in prswW. As we
explain below, prsWE>% is a dominant (gain-of-function)
mutation. RsiW is an anti-o factor that inhibits ¢*, a
member of the extracytoplasmic family of o factors
(ECF), and null mutations in rsiW are known to cause ¢*"
to be active constitutively (Turner and Helmann 2000;
Cao et al. 2002a; Schobel et al. 2004). It has also been
reported that null mutations in ysdB cause o% to be
active constitutively, but the mechanism of this activa-
tion is not known (Turner and Helmann 2000; Cao et al.
2002b). PrsW is predicted to be a multipass membrane
protein and is of unknown function.

In light of these findings, we created insertion/deletion
mutations for all three genes in which the open reading
frames were replaced with a drug-resistance gene (see
Materials and Methods). Henceforth the experiments
presented were based on these three null mutations as
well as the missense mutation prsW %, As expected
and consistent with the results presented above, the
rsiW::spec or ysdB::erm insertion/deletion mutations
suppressed the growth defect caused by an sdpl mutation
(Fig. 2; Table 1, lines E and F, respectively). (Note also in
Fig. 2 that mutant cells lacking both the RsiW anti-o
factor and the Sdpl immunity protein [and hence in
which cannibalism was arrested] exhibited accelerated
sporulation as evidenced from the greater whiteness and
opacity of the SdpI” RsiW~ double mutant as compared
with the wild type.) In contrast, the prsW insertion/de-
letion mutation (prsW::erm) exacerbated the growth de-
fect of an sdpl mutant (Fig. 2; Table 1, line H). Thus, the
null mutant phenotype of prsW was opposite to that of
the prsW®®® missense mutation, which exhibited
heightened resistance to the SdpC toxin in cells lacking
the Sdpl immunity protein (Fig. 2; Table 1, line G). Also,
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