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subtilis. YfhL provides resistance to SDP also in an unknown manner
(Butcher and others 2006). In Chapter III, YfhL immunity will be examined
based on work done in Sdpl. A third possible mechanism for resistance lies
within the yknWXYZ operon (Yamada and others 2012). This operon encodes
for a transporter that is expressed constitutively in the cells regardless of
SDP presence. It was determined that YknWXYZ was able to provide

resistance to SDP in the absence of Sdpl (Yamada and others 2012).

Other examples of cannibalistic

behavior in bacteria

Microbial cannibalism is an area which has only recently been studied.
There are, however, other examples of cannibalistic behavior in bacteria. In
the Gram-positive spore-former Paenibacillus dendritiformis, the production
of a killing factor occurs in response to the presence of sibling bacteria during
swarming (Be'er and others 2009a; Be'er and others 2009b). In this example,
P. dendritiformis swarms via secretion of a surfactant (subtilisin) at low
concentrations (Be'er and others 2010). However, cells that grow too close to
each other will generate a toxic molecule that will kill the nearby cells. It was
concluded that this toxin-mediated killing occurred even in the presence of
nutrients (Be'er and others 2009a). SIf (sibling lethal factor) is generated via

cleavage of subtilisin when cells are growing at high concentrations and in
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close proximity (Be'er and others 2010). The toxin SIf alters cell morphology
and motility in P. dentritiformis (Be'er and others 2011).

Another example is found in Streptococcus pneumoniae, where the
cannibalistic behavior was termed “fratricide” (Guiral and others 2005). In
this example, cells induce fratricide during natural competence. Competent
cells produce the toxin or “fratricin” CbpD, which will cleave the cell wall of
non-competent cells. Cell wall stress will in turn induce the lytic factors LytA
and LytC thus killing the non-competent cells (Wei and others 2012). CbpD
can activate LytC while a different protein CbpF inhibits LytC (Perez Dorado
and others 2010; Molina and others 2009). In combination with CbpD, cells
also produce the bacteriocins CibAB to kill their neighboring non-competent
cells (Guiral and others 2005). CibAB activity can be inhibited by the
immunity protein CibC (Guiral and others 2005), similar to the B. subtilis
mechanism where surviving cells make both toxin and immunity.

Killing of non-competent cells in Streptococcus was suggested to
provide genetic material and an additional release of intracellular virulence
proteins (Guiral and others 2005). It has also been shown that fratricide aids
the cells to acquire DNA when in biofilms (Wei and others 2012). However, B.
subtilis remains the only bacteria to cannibalize in order to delay its cell fate

to begin sporulation.
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Figure 1. Bacillus subtilis sporulation process.

Vegetative cells which encounter nutrient limiting conditions and have
exhausted all other cellular pathways will undergo sporulation. The cell
divides into the mother cell and the forespore via asymmetric cell division
mediated by the master regulator SpoOA. Intercompartmental regulation
between the mother cell and the forespore enables forespore engulfment via
SigF and SigE. Spore maturation is regulated via SigG and SigK. The

matured spore is then released by cell death into the environment.
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Figure 2. Regulatory pathways which lead to different cellular development
programs in B. subtilis.

Nutrient stress will activate a signal response via the protein kinases KinA
and KinB. This will generate a phosphorelay from the kinases to SpoOF, then
to the phosphotransferase Spo0OB, and finally to the master regulator SpoOA.
SpoOA-P can then inhibit other cellular events such as competence and
mediate indirect positive regulation of antimicrobial synthesis via inhibition
of AbrB. Several signals can inhibit sporulation; DNA damage inhibits KinA
via Sda, Nutrient availability induces the repressor CodY thus inhibiting
sporulation. Competence can negatively impact sporulation via activation of
the aspartyl-phosphatases Rap. Commitment to sporulation will inhibit Rap

via induction of the cognate pheromones Phr.



22

Henl?tahun

ainl

SpodB

1 Figure adapted from (Schultz and others 2009).
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Figure 3. Cannibalism in B. subtilis.

Cells which have reached a SpoOA-P threshold will activate expression of
toxins via repression of the negative regulator AbrB (SpoOA-ON cells). In
contrast, cells which have yet reached a threshold do not activate toxin
production (SpoOA-OFF cells). An advantage of the SpoOA-ON cells is that
toxin production can induce expression of the immunity factor via sdpRL
SpoOA-OFF cells are repressed by AbrB and therefore cannot provide
immunity. The toxins will then only kill SpoOA-OFF cells, providing

nutrients and delaying sporulation in SpoOA-ON cells.
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Figure 4. The sdpABCIR operons in B. subtilis.

Two operons are involved in the production and response to one of the
cannibalism peptide; SDP. The genes involved in SDP production include two
proteins of unknown function SdpA, SdpB, and SdpC which encodes the
precursor toxin pro-SdpC. Response and immunity to SDP requires the sdpRIl
operon. This encodes for the regulator SdpR and the immunity and signal

transduction protein Sdpl.
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CHAPTER II. PRODUCTION OF THE CANNIBALISM TOXIN SDP
IS A MULTI-STEP PROCESS THAT REQUIRES SDPA AND SDPB2

2] performed all the experiments in this chapter except for Figure 5 which was made by
Wei-ting Liu at the University of California. The following results have been published in Perez
Morales et al (Journal of Bacteriology 2013)
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Introduction

In the environment, microorganisms face constant competition for
nutrients. In times of severe nutrient limitation the Gram-positive soil
bacterium Bacillus subtilis initiates sporulation. Sporulation 1is an
energetically costly process which becomes irreversible after the asymmetric
septum is formed (Parker and others 1996). B. subtilis can delay the
commitment to sporulation by inducing cannibalism, a process by which the
sporulating cells in the population kill the non-sporulating cells (Ellermeier
and others 2006a; Gonzalez-Pastor and others 2003).

There are two toxins responsible for cannibalism, SDP and SKF
(Ellermeier and others 2006a; Gonzalez-Pastor and others 2003). These
toxins have antimicrobial activity against other bacteria including
Xanthomonas oryzae, Listeria monocytogenes, and Staphylococcus aureus
(Lin and others 2001; Liu and others 2010; Palmer and others 2009). SKF is
produced by the skfABCDEFGH operon while SDP is produced by the
sdpABC operon. Expression of both operons is controlled by the master
regulator of sporulation SpoOA, which when phosphorylated can repress
expression of abrB, a negative regulator of skfABCDEFGH and sdpABC
(Fujita and others 2005; Chen and others 2006). Since AbrB negatively
regulates expression of sdp and skf the expression of both toxin encoding
operons increases during early stationary phase upon entry into sporulation

(Gonzalez-Pastor and others 2003). However these toxins are only produced
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by a subset of B. subtilis as activation of SpoOA is subject to a bistable
regulatory mechanism (Chung and others 1994). While the mechanism of
SKF killing is unknown, the SDP toxin appears to kill sensitive cells by
disrupting the proton motive force (Lamsa and others 2012).

Antimicrobial peptides (AMPs) can be ribosomal or non-ribosomally
synthesized. Non-ribosomally synthesized AMPs are generated from protein
complexes that build, modify, and release an active peptide. The AMP
Mycosubtilin produced by B. subtilis is a non-ribosomally synthesized B-
amino fatty acid-linked cyclic heptapeptide which is produced by the products
of the fenF-mycABC operon (Peypoux and others 1986; Peypoux and others
1976; Walton and others 1949). Ribosomally-synthesized AMPs often require
post-translational modification to produce an active form of the toxin. For
example production of Subtilosin A requires the genes al/bA and albF for
modifcation of Subtilosin A (Zheng 2000; Zheng and others 1999).

SKF is a ribosomally-synthesized 26 amino acid peptide encoded by
skfA (Gonzalez-Pastor and others 2003; Liu and others 2010). SKF is a post-
translationally modified cyclic peptide with disulfide and thioether bonds
(Liu and others 2010). Several genes in the skfoperon have been proposed to
be involved in the post-translational modifications of SKF (Liu and others
2010). It was recently demonstrated that SkfB is a 4Fe-4S cluster-containing
radical SAM enzyme which is required for formation of a thioether bond in

SKF (Fliihe and others 2013).
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SDP is a 42 amino acid, ribosomally synthesized AMP which contains a
disulfide bond between two cysteine residues located at the N-terminus (Liu
and others 2010). The active form of SDP is derived from an internal
fragment of full length pro-SdpC (Liu and others 2010) (Figure 5A). Although
the mature form of SDP has been determined, little is known about the
factors required to process pro-SdpC into the active SDP peptide. The pro-
SdpC form is a 203 amino acid protein secreted via the general secretory
pathway (Linde and others 2003a). Signal peptidases SipS and/or SipT can
cleave pro-SdpC to SdpC33203 when expressed in F.coli (Linde and others
2003a). However, it was not known what role signal peptide cleavage plays in
SDP production. The sdpAB genes are located in an operon with sdpC but it
1s not known if they are required for the production of the toxin SDP
(Gonzalez-Pastor and others 2003).

Here we provide evidence that SDP production requires multiple steps
including; signal peptide cleavage of pro-SdpC which creates Sdp(C33-203
formation of disulfide bonds in Sdp(C33203, and processing of Sdp(C33203 into
mature SDP (Figure 5B). We also provide evidence that SdpAB are essential
for the production of active SDP toxin and are presumably required for

processing Sdp(C33203 into mature SDP.



31

Materials and Methods

Bacterial Strains and Growth

All strains used in the study are isogenic derivatives of PY79, a prototrophic
derivative of B. subtilis strain 168, and are listed in Table 1 (Youngman and
others 1984). Strains were routinely grown in Luria-Bertani (LB) and Difco
sporulation medium (DSM) at 37°C except for overnight cultures, which were
grown at 30°C (Harwood, C.R and Cutting, S.M., eds 1990).

Antibiotics were used at the following concentrations: chloramphenicol
(10 pg/ml), erythromycin plus lincomyecin, (1 pg/ml and 25 pg/ml respectively);
kanamycin (5 pg/ml), spectinomycin (100 pg/ml), tetracycline (10 pg/ml), and
ampicillin (100 pg/ml). The B-galactosidase chromogenic indicator 5-bromo-4-
chloro-3-indolyl B-D-galactopyranoside (X-Gal) was used at a concentration of
100 pg/ml. Isopropyl B-D-1-thiogalactopyranoside (IPTG) was used at a final
concentration of 1 mM. Bacterial strains were constructed by transformation
of relevant genomic or plasmid DNA into B. subtilis competent cells prepared

by the one-step method previously described (Wilson and others 1968).

Construction of Plasmids
All DNA oligonucleotides and plasmids used in this study are listed in
Tables 2 and 3. The IPTG-inducible PrssdpC integrated at amyFE was

constructed by PCR amplifying sdpC from B. subtilis using oligos CDEP126
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and CDEP127. The resulting PCR product was digested with HindIIl and
Sphl, and cloned into pDR111 (Ben Yehuda and others 2003) digested with
the same enzymes to create pCE106.

The IPTG-inducible PpssdpA, PrssdpB and PussdpAB genes were
constructed by PCR amplifying sdp4A (CDEP124 and CDEP566), sdpB
(CDEP567 and CDEP125) or sdpAB (CDEP124 and CDEP125) from B.
subtilis. The resulting PCR products were digested with HindIII and Sphl
and cloned into pDP150 (Kearns and others 2005) digested with the same
enzymes to create pCE216 (sdpA), pCE315 (sdpB), and pTP092 (sdpAB). The
resulting plasmids were confirmed by sequencing (Iowa State University) and
transformed into the wild type B. subtilis strain PY79.

A Gateway destination vector was constructed to build N-terminal gfp-
sdpA fusions (Invitrogen). This was generated by cloning the RfA cassette
(Invitrogen) into pCE236 (pDR111-GFP) which had been digested with Sphl
and EcoRI and blunt ended with Klenow (NEB) to generate pJH183. N-
terminal GFP tagged SdpA* (GFP-SdpA+) was constructed by PCR amplifying
sdpA from B. subtilis using oligos CDEP890 and CDEP566, and cloning into
pEntrD-TOPO, resulting in pDTO001. To construct a plasmid producing GFP-
SdpA*, sdpA* was moved from pDT001 onto pCE291 using LR Clonase II

(Invitrogen) resulting in plasmid pDT002.
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Site-directed mutagenesis of SdpC

Site-directed mutagenesis of pCE106 (Ppssdp(C) was performed using
the QuickChange site-directed mutagenesis kit (Agilent Technologies)
according to the manufacturer’s instructions. The SdpC signal peptide
cleavage site mutant (sdpC790H) was constructed using primer pairs
CDEP640 and CDEP641 (sdpCT40H) to generate plasmid pCE260. The SdpC
disulfide bond single mutants were constructed using the following oligo
pairs CDEP912 and CDEP913 (sdp(C€44) and CDEP892 and CDEPS893
(sdpCC1474), The sdp(CC1414 C1474 mutant was constructed by site directed
mutagenesis of pTP085 with CDEP1247 and CDEP1248 to generate pTP091
(sdpCC1414 C1474)  The resulting plasmids pTP085 (sdpCC?414), pTP076
(sdpCC1474) and pTP091 (sdp(C1414 C1474) were confirmed by sequencing and

transformed into B. subtilis PY79.

B-galactosidase activity assay
Cultures were grown overnight in LB broth at 30°C and 40 pl was
spotted onto LB agar supplemented with 1 mM IPTG. Plates were incubated
at 37°C for 4 hours. Samples were harvested and resuspended in 1 ml of Z
buffer (60 mM Na:HPO4, 40 mM NaH3POs4, 10 mM KCl, 1 mM MgSOs, 50
mM B-mercaptoethanol pH 7.0) and the ODgoo was determined. Lysozyme (10
ng) was added to samples and incubated for 30 minutes at 37°C or until clear

(Harwood, C.R and Cutting, S.M., eds 1990). 200 pl of cell lysates were added
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to 96 well plates with 10 mg/ml ortho-Nitrophenyl-B-galactoside (ONPG). The
activity of B-galactosidase was measured every minute at ODasos for 40
minutes total. Data were analyzed as previously described (Slauch and others

1991).

SDP-mediated killing assay

Reporter cells which lack the ability to produce the SDP toxins, SDP-
sensitive (4sigW AsdpABCIR; CDE433) or SDP-resistant (AsigW AsdpABCIR
amyE:Pps-sdpl; TPM758), were grown to an ODgoo of 0.8 in LB broth with 1
mM IPTG. The reporter cells (106) were inoculated into LB agar (0.7%) + 1
mM IPTG. An overnight culture of each of the Sdp producing strains was sub-
cultured 1:100 and grown in LB + 1 mM IPTG for 4 hours at 37°C. 20 nl of
Sdp producing cells were spotted onto plates containing either SDP-sensitive
or SDP-resistant cultures. Plates were incubated overnight at 37°C and the

zone of inhibition was determined.

Subcellular fractionation of cells
Overnight cultures were sub-cultured 1:100 in liquid DS media
supplemented with 1 mM IPTG and grown for 4 hours at 37°C. The cultures
were separated into whole cell and supernatant fractions by centrifugation.
The supernatants were concentrated by methanol-chloroform extraction

(Wessel and others 1984). Briefly, 2 ml of supernatant was mixed with 2 ml of



35

95% methanol and 500 pl of chloroform. The samples are centrifuged at
13,000 x g for 10 minutes. The aqueous layer was removed and 2 ml of 95%
methanol was added. The samples were vortexed and centrifuged at 13,000 x
g for 10 minutes. Precipitated extracts containing protein were resuspended
in 100 pl sample buffer (65.8 mM Tris-HCl, pH 6.8, 2 % SDS, 26.3% (w/v)
glycerol, 0.01% bromophenol blue and 5% B-mercaptoethanol) with or without
B-mercaptoethanol (BioRad).

The whole cell pellets were lysed by resuspending in 500 pl lysis buffer
with 10 pg/ml lysozyme and incubated at 37°C for 10 minutes. The whole cell
lysates were methanol-chloroform extracted and resuspended in 100 pul of 2x
sample buffer. For determining membrane and cytosolic localization, whole
cell pellets were resuspended in a 300 pl of protoplast buffer (1 M sucrose and
60 mM Tris-Cl with 0.04 M MgClg). Lysozyme (20 pg/ml) was added and
incubated for 20 min at 37°C to degrade the peptidoglycan. Samples were
centrifuged for 10 min at 5000 x g. The supernatants which contain the cell
wall fraction were removed and concentrated by methanol-chloroform
precipitation as described above.

The protoplasts were resuspended in 500 pl lysis buffer (0.5 M EDTA,
0.1 M NaCl; pH 7.5) and sonicated. Samples were then ultracentrifuged at
7°C for 1 hour at 100,000 x g to separate membrane from cytosol components.

The supernatant at this step represented the cytoplasmic component and the
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samples were concentrated using methanol chloroform precipitation. The

membrane or insoluble fractions were resuspended in 2x sample buffer.

Immunoblot Analysis of SdpC
Samples were heated for 10 minutes at 65°C and electrophoresed on a
TGX Any kDa SDS Polyacrylamide gel (BioRad). The proteins were then
transferred onto nitrocellulose and detected by incubating with a 1:3,000
dilution of anti-SdpC antibodies (Linde and others 2003a), a 1:10,000 dilution
of anti-GFP antibodies, or 1:15,000 dilution of anti-o# antibodies followed by
incubation with a 1:10,000 dilution of goat anti-rabbit IgG (H+L)-HRP

conjugate from BioRad.

In situ assay to monitor SDP

Overnight cultures were sub-cultured 1:100 in liquid DS media with 1
mM IPTG at 37°C for 4 hours. Culture supernatants (25 ml) were
concentrated by methanol-chloroform extraction and resuspended in 200 pl
2x sample buffer with B-mercaptoethanol. Samples were stored at -20°C until
they were used for in situ assays (Wu and others 2005). Concentrated
supernatants were separated by TGX 10% SDS Polyacrylamide gel (BioRad).

The polyacrylamide gel was washed in sterile water for 3 hours and
placed in a sterile petri dish to dry for 20 minutes. The gels were overlaid

with LB agar 0.7% + 1 mM IPTG containing either 106 SDP-sensitive (AsigW
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AsdpABCIR; CDE433) or SDP-resistant (AsigW AsdpABCIR amyE:Pus-sdpl;

TPM758) cells. Plates were incubated overnight at 30°C covered in parafilm.

Mass Spectrometry analysis of
strains to detect SDP

Each strain was inoculated on LB agar supplemented with 1 mM of
IPTG and then incubated at 28°C for 5 days. The bacteria were then collected
and spotted onto MALDI target plates and were mixed approximately 1:1
with a saturated solution of Universal MALDI matrix in 78% acetonitrile
containing 0.1% TFA (trifluoroacetic acid). The sample was dried and
subjected to the Microflex MALDI-TOF mass spectrometer (BrukerDaltonics).
Mass spectra were obtained with the FlexControl scanning from 400-10000
m/z and the resulting MS data were analyzed by FlexAnalysis software (Liu

and others 2010).

Results

Signal peptide cleavage is required
for SDP activity
Previous studies identified the mature form of SDP as a secreted 42
amino acid peptide with a disulfide bond which is processed from pro-SdpC, a

203 amino acid protein (Liu and others 2010). In earlier work, it was
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determined that pro-SdpC could be secreted via the general secretory
pathway and required the secretion chaperone CsaA (Linde and others
2003a; Linde and others 2003b). In addition the signal peptidases SipS/T
were shown to be required for efficient pro-SdpC cleavage when expressed in
E. coli (Linde and others 2003a). However these experiments were performed
in the absence of sdpAB expression and did not address the role of pro-SdpC
processing in the production of SDP.

To determine if pro-SdpC cleavage is required for SDP production, we
sought to block this processing. B. subtilis lacking both SipS and SipT are
nonviable (Tjalsma and others 1998). To determine if pro-SdpC cleavage by
signal peptidases is required for SDP production we constructed an SdpC
mutant (SdpCT30H) which we predicted would not be cleaved by signal
peptidases. Signal peptidase cleavage of pro-SdpC is predicted to occur
between the residues A32 and K33 (Bendtsen and others 2004). The presence
of a histidine residue at the -3 residue of the putative cleavage site rarely if
ever occurs in B. subtilis signal peptides, suggesting that mutation of T30 to
histidine would result in a form of SdpC which cannot be efficiently processed
by B. subtilis SipT or SipS (Tjalsma 2000).

We performed immunoblot analysis using anti-SdpC antibodies on
samples prepared from cells expressing the sdpABC operon under
sporulating conditions. We separated the cellular proteins into supernatant,

cell wall, membrane, and cytoplasmic fractions. Using anti-SdpC antibodies
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we could detect a ~17 kDa protein, which corresponds to the approximate size
of SdpC33-203 in the supernatant and cell wall fractions of the cell (Figure 6A).
When we compared the signal peptide mutant SdpCT30H (sdpABCT30H), we
observed a higher molecular weight form of SdpC (22 kDa), which remained
membrane-associated (Figure 6A). Cells producing SdpCT30H produced a
reduced amount of Sdp(C33-203, which remained cell wall-associated, and no
Sdp(C33203 was detected in the culture supernatant (Figure 6A). This is
consistent with the idea that the SdpCT30H mutant blocks signal peptide
cleavage. This suggests that Sdp(C33-203 15 secreted and likely requires signal
peptidase to process the pro-SdpC into mature Sdp(C33-203,

To assay SDP toxin activity we spotted cultures onto soft agar
containing SDP-sensitive cells, AsdpABCIR AsigW. This strain lacks the
ability to produce the SDP toxin as well as both Sdpl and ¢V which induce
independent mechanisms of resistance to SDP (Ellermeier and others 2006a;
Butcher and others 2006; Ellermeier and others 2006b). We found that cells
expressing SAdpABC* were able to induce a zone of inhibition when spotted on
SDP-sensitive cells (Figure 6C). In comparison we found that cells producing
SdpABCT3H created a smaller zone of inhibition compared to WT when
spotted on SDP-sensitive cells (Figure 2C).

SDP also induces expression of the sdpRlimmunity operon (Ellermeier
and others 2006a). We tested the effect of the SdpCT30H protein on expression

of Psaprr-lacZ. We found that cells producing SdpABCT3H showed a ~10 fold
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decrease in induction of Psgrr-lacZ compared to cells expressing SdpABC*
(Figure 6B). Taken together these results suggest that signal peptide

cleavage of SdpC is an essential step required for SDP production.

SdpAB required for SDP activity

Since sdpABC reside in a single operon we sought to determine the
contribution of SdpAB to SDP production by constructing strains capable of
expressing different combinations of the sdpABC from an IPTG-inducible
promoter. We determined the effect of different combinations of the sdpABC
genes on expression of sdpRI by monitoring a Psgyrr-lacZ reporter fusion. We
found that cells expressing sdpABC* were able to fully induce expression of
sdpRI (Figure 7A). As previously reported a deletion of the sdpABC genes
prevented Psgyrr-lacZ induction (Figure 7A) (Ellermeier and others 2006a).
We observed that cells producing only SdpAB* were unable to induce
expression from sdpRI operon (Figure 7A). This result is consistent with
previous observations that the absence of SdpC alone prevented induction of
Psaprr-lacZ (Ellermeier and others 2006a). The expression of sdpC* alone
however was not sufficient to induce expression of Psaprr-lacZ (Figure 7A).
Expression of either sdpAC* or sdpBC* was not sufficient to increase
expression of Psaprr-lacZ (Figure 7A).

We next tested if SdpAB were required for SDP toxin production. We

found that strains expressing sdpABC* created a zone of inhibition when
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plated on SDP-sensitive cells (4sigW AsdpABCIR) which lack the immunity
protein Sdpl (Figure 7B). This zone was absent in strains that do not express
sdpABC (Figure 7B). Production of Sdpl in the AsigW AsdpABCIR strain is
sufficient to provide immunity against SDP as cells expressing sdpABC* were
unable to inhibit growth of the SdpI-producing strain (Figure 7B) (Ellermeier
and others 2006a). Cells expressing either sdpA*, sdpB*or sdpC* individually
were unable to produce a zone of inhibition on SDP-sensitive cells (Figure 7B)
Similar to the effect on induction of the Psgri-lacZ fusion, cells expressing
sdpAB*, sdpAC*, sdpBC*did not produce any detectable toxin activity (Figure
7B). From these results, we conclude that in addition to expression of sdpC,
expression of sdpAB is also required for both induction of sdpRI expression
and SDP toxin activity.

To determine the relative size of the toxin being produced and
demonstrate that the SDP toxin activity was in the cultures supernatants we
performed an in situ assay (Wu and others 2005). Culture supernatant
samples were concentrated and then separated on an SDS/PAGE gel. The gel
was then overlaid with SDP-sensitive (4sigW AsdpABCIR) or SDP-resistant
(AsigW AsdpABCIR amyE::Pus-sdpl?) cells. We observed a zone of inhibition
present around the 5 kDa size from the supernatants of cells producing
SdpABC (Figure 7C). This zone of inhibition is absent in cells producing
SdpC, SdpAC, or SdpBC (Figure 7C). The zone of inhibition produced by

SdpABC strains was absent in gels overlaid with SDP-resistant cells (Figure
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7C). This suggests that SApABC are required for production of the 5 kDa SDP

toxin.

Export and Secretion of Sdp(C33-203
does not require SdpAB

We reasoned that SdpAB could affect SDP production by altering
export of Sdp(C33203, We used immunoblot analysis to determine the effect of
SdpAB on Sdp(C33203 export and secretion. Samples of culture supernatants
and whole cell extracts were prepared as described in the materials and
methods. The samples were separated by SDS-PAGE and probed with anti-
SdpC antibodies (Linde and others 2003a). Samples were also probed with
anti-o® as a cytoplasmic loading control. When immunoblot analysis was
performed on strains expressing sdpABC*, we observed a predominant band
with an approximate size of ~17 kDa (Figure 8) corresponding to Sdp(C33-203,
This band was absent in cells lacking the sdpABC genes suggesting it is
Sdp(C33203, We observed that Sdp(C33203 protein levels were similar in the
whole cell pellet of all the strains suggesting that SdpAB are not required for
production of Sdp(C33203, Similarly, the levels of Sdp(C33203 in the culture
supernatants were not altered by the presence or absence of either SdpA,
SdpB, or SdpAB (Figure 8). Since export into supernatant still occurs, these
results lead us to conclude that SdpAB are not essential for proper Sdp(C33-203

export.
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SdpAB are required for SDP production

Our data indicate that cells producing SdpC in the absence of SdpAB
do not exhibit SDP toxin activity. We hypothesized this could be due to either
production of inactive SDP or failure to produce the SDP peptide. Therefore
we sought to detect SDP in the supernatants of cells expressing different
combinations of sdpABC* using Matrix Assisted Laser Desorption Ionization -
Time of Flight mass spectrometry (MALDI-TOF MS) mass spectrometry as
previously described (Liu and others 2010).

We found that the 42 amino acid peptide of SDP was observed in cells
producing SdpABC (Figure 9) (Liu and others 2010). However we were
unable to detect a peptide in cells not producing SdpABC (Figure 5).
Similarly, the SDP peptide was not observed in cells expressing sdpA*, sdpB5?,
sdpC* individually or in combinations of sdpAB*, sdpAC* or sdpBC* (Figure
9). These results suggest that expression of all three genes of the sdpABC

operon is required for production of the toxic 42 amino acid peptide SDP.

SDP disulfide bond is not essential for activity
Although the mature form of SDP contains an intramolecular disulfide
bond between C141 and C147 (Liu and others 2010), the importance of the
disulfide bonds for SDP activity is not known. Each of the cysteine residues
was mutated individually and simultaneously to alanine residues. The ability

of the resulting SdpC mutant protein to induce Psgprr-lacZ expression in the
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presence of SdpAB was determined. We found that cells producing SdpAB
with SdpCC141A SdpCC47A) or Sdp(CCl41A C147A yegulted in an approximate 7-
fold decreased in Psgpri-lacZ expression compared to wild type SdpC (Figure
9A).

To determine if disulfide bond formation was essential for SDP toxin
activity we performed spot assays as previously described. Cells that express
sdpABC*, produce a zone of inhibition when spotted on a lawn of SDP-
sensitive cells (Figure 9B). We observed that when either SdpCC141A
SdpCCL47A; or Sdp(CCl4la CL47A were produced in the presence of SdpAB there
was killing of SDP-sensitive cells but the zones of inhibition were smaller
than wild type SdpC (Figure 9B). These results suggest that the disulfide
bond in SDP is required for maximum SDP activity but is not essential for

toxin activity.

SdpC disulfide bond formation occurs
independently of SdpAB
Our data suggest that SdpAB most likely affect SDP production post-
translationally. Our previous results show that disulfide bond formation is
not essential as cells expressing SdpABCC141A C147A petain some SDP activity.
One hypothesis was that SdpAB are involved in disulfide bond formation and
thus are required for SDP activity. To test this we compared the ability of

cells producing either SdpCC141A, SdpCC47A or SdpCCL41A C147A to induce Psqprr-
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lacZ expression in the presence and absence of SdpAB. We found that cells
producing only SdpC* were also unable to induce Psgpri-lacZ expression
(Figure 10A). Cells producing SdpCC1414A, SdpCC147A or SdpCC141A C147A glone
were unable to induce expression of sdpRI (Figure 10A). Similarly, the
SdpCC141a) SdpCC47a or Sdp(CCl4lA ClTA were dependent upon SdpAB for
production of toxin activity as cells producing these SdpC mutants in the
absence of SdpAB were unable to produce a zone of inhibition (Figure 10B).
These results suggest that SdpAB have an activity that is independent of
SDP disulfide bond formation.

To further confirm that disulfide bond formation occurred
independently of SdpAB we resuspended whole cell pellets in the presence or
absence of the reducing agent, B-mercaptoethanol. We observed a 17 kDa
band corresponding to Sdp(C33203 when the cell pellets from cells expressing
SdpABC were resuspended in sample buffer with B-mercaptoethanol (Figure
10C). However in the absence of B-mercaptoethanol SdpC33203 migrates
slower and thus appears larger ~20 kDa (Figure 10C). This is consistent with
altered mobility due to reduction of the disulfide bond by the B-
mercaptoethanol. We observed similar migration patterns of Sdp(C33-203 in
cells producing only SdpC compared to cells producing SdpABC (Figure 10C).
This suggests that SDP disulfide bond formation occurs in an SdpAB-

independent manner and likely prior to processing of Sdp(C33203 into SDP.
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SdpA is a cytoplasmic protein

Based upon sequence analysis SdpB is suggested to be a multi-pass
membrane protein, however the localization of SdpA is unclear. To determine
where SdpA localizes we constructed and expressed a GFP-SdpA fusion in B.
subtilis. We found that the GFP-SdpA fusion protein could complement a
strain lacking SdpA for expression of a Psgprr-/acZ transcriptional fusion
(Figure 11A). We also determined that GFP-SdpA complemented a strain
lacking SdpA for toxin production (Figure 11B). Although GFP-SdpA
complemented to a slightly lower level for both Psgprr-lacZ and toxin
production, our data indicate that the GFP-SdpA fusion was functional. We
then performed subcellular localization experiments and determined that the
majority of GFP-SdpA was cytosolic although a small portion was found in
the insoluble fraction suggesting that at some level it may also associate with

the membrane (Figure 11C).

Discussion

Production of SDP requires multiple steps
SDP is a 42 amino acid antimicrobial peptide that is derived from the
internal cleavage of SdpC (Liu and others 2010). Our evidence suggests that
production of mature SDP requires multiple processing events. First pro-

SdpC 1s secreted via the general secretory pathway. Subsequently pro-SdpC
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1s processed by signal peptidases, most likely SipS and/or SipT, which results
in production of SdpC33203 (Figure 5B) (Linde and others 2003a). A disulfide
bond is formed in Sdp(C33-203 between cysteine residues C141 and C147 (Liu
and others 2010). This disulfide bond is formed independently of SdpAB and
we hypothesize it requires one of the known disulfide bond isomerases in 5.
subtilis, BdbB and/or BdbC (Bolhuis and others 1999). Our work provides
evidence that the disulfide bond is not essential for SDP toxic or signaling
activities (Figure 5B). We hypothesize that SDP disulfide bond confers
increased stability and/or activity. Finally, Sdp(C33203 is then processed by
unknown protease(s) to produce mature SDP (Figure 5B). These protease(s)
remove the N-terminal amino acids 33-140 and the C-terminal amino acids
182-203 of SdpC. In principle there should be an equal molar amount of both
the N-terminal peptide, SdpC33-140, and C-terminal peptide, SdpC182203  for
every molecule of SDP present. However, we did not detect any of the
predicted cleavage products by immunoblot. This could be due to either 1) the
absence of antibody epitopes on these peptides, 2) peptides which are rapidly
degraded, or 3) low occurrence events which we cannot detect. We were also
unable to detect the production of peptides corresponding to Sdp(C182203 (2.1
kDa) using mass spectrometry, which should have detected peptides below 10
kDa. This raises the possibility that the resulting cleavage products may be
rapidly degraded. Our work shows that SdpAB are required to produce SDP

from Sdp(C33-203, The mechanism by which they function is as yet unclear.
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Possible roles for SdpA and SdpB

The sdpABC operon is a unique set of genes which has homologs in a
very limited number of sequenced bacterial genomes including, Stigmatella
aurantiaca, Myxococcus xanthus, Streptomyces sp. MG1, and Bacillus clausii.
SdpA 1is predicted to be a 158 amino acid protein with no homology to any
proteins of known function, although our data suggest that it is a cytoplasmic
protein (Figure 11C). There are several models to address SdpA function in
production of SDP. Secretion of SdpC in the absence of SdpAB requires the
cytosolic chaperone CsaA (Linde and others 2003b). It was shown that CsaA
binds several regions of pro-SdpC (Linde and others 2003b). It is possible that
SdpA could act as an alternate chaperone to aid in proper export of SdpC.
However our data suggests that the absence of SdpAB does not block export
of SdpC. It is also possible that SdpA could act in a complex with SdpB since
the absence of either protein results in very similar phenotypes; no toxin
activity and decreased expression of Psqpri-lacZ.

Unlike SdpA, SdpB shares homology to a family of proteins which are
distantly related to the human enzyme vitamin K dependent-gamma
carboxylase (VKD-y-carboxylase) (Czerwiec and others 2002; Schultz 2004).
In humans, VKD-y-carboxylases change glutamic acid residues in blood
clotting factors into y-carboxylated glutamic acid (Esmon and others 1975).
VKD-y-carboxylase requires epoxidation of vitamin K for this modification

(Shah and others 1971).
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The SdpB homology to VKD-y-carboxylases is mostly restricted to the
N-terminal portion of VKD-y-carboxylases, specifically from amino acids 13-
283 (Schultz 2004). This region has been identified by bioinformatics as a
horizontally transferred transmembrane domain and is found in a range of
bacteria. VKD-y-carboxylase homologs are present in the marine mollusk
Conus textile which produce numerous post-translationally modified small
peptides known as conotoxins (Czerwiec and others 2002). Some of these
peptides contain y-glutamic acid residues and the presence of a putative
VKD-y-carboxylase suggests a possible role for VKD-y-carboxylase homologs
in modifying some of these conotoxins (Czerwiec and others 2002). This raises
the intriguing possibility that SdpB could perform a similar function in SDP
production. pro-SdpC has 10 glutamic acid residues; however there are no
glutamic acid residues present in the mature form of SDP.

Although the most closely related SdpB homologs are encoded in an
operon with SdpA and SdpC homologs, there are more distant SdpB
homologs present in other bacteria, which lack clear SdpA and SdpC
homologs. Only the SdpB homolog from Leptospira borgpetersenii has been
studied (Rishavy and others 2005). Experimental data suggested that the
Leptospira homolog has an unregulated epoxidase activity but no detectable
carboxylase activity (Rishavy and others 2005). This led the authors to
suggest that Leptospira may encode an enzyme with an unknown enzymatic

activity (Rishavy and others 2005). We hypothesize that SdpB encodes an
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enzyme required for SdpC processing. The most direct model would be that
SdpB acts directly as the protease responsible for one or more of the cleavage
events required for production of mature SDP. However, SdpB may also
function as an enzyme in a less direct manner. For example, SdpB may post-
translationally modify SdpC and this modification could then allow SdpC to
be cleaved by other proteases. Thus, SdpB would be required for the initial
step of SdpC processing, although not directly cleaving SdpC.

We have identified several steps required for the production of SDP. In
addition we have identified two proteins, SdpA and SdpB, which are essential
for the production of the antimicrobial peptide SDP. SdpAB are required for
the production of SDP but, the precise functions of SdpAB are still unknown.

Further studies are needed to resolve these hypotheses.



Table 1. Strains used in Chapter II

Strain  Genotype Reference
. L. . (Youngman and
PY79 Prototrophic derivative of B. subtilis 168 others 1984)
. (Ellermeier and
EH273  AsdpABC::kan others 20062)
g ) (Ellermeier and
CDE433 AsigW:ikan AsdpABCIR:: tet others 2006a)
TPM727 pyrD:Psaprr-lacZ (kan) thrC:Pus-sdpB (mls) sdpABC:cat This study
TPM758 AsigW-:kan AsdpABCIR:: tetamyE:P rs-sdpl (spec) This study
- Poe- B0H
TPM1005 ;(7 gg) Psaprr-lacZ (kan) AsdpABC:cat amyE:-Prs-sdpCr This study
- P - C147A
TPM1112 1? gg) Poapri-lacZ (kan) AsdpABC:catamyE-Phrs-sdpC This study
- P - C1414
TPM1158 1? gg) Psapri-lacZ (kan) AsdpABC:catamyE:Phs -sdpC This study
- - C141A
TPM1207 gﬁl;ﬁ)(;z{j[ JacZ (kan) AsdpABC:-catamyE-P s ~sdpC This study
TPM1349 pyrD-Psiprr -lacZ (kan) AsdpABC:cat This study
TPM1352 pyrD-:Psiprr-lacZ (kan) AsdpABC:cat amyE:Phrs-sdpC (spec) This study
pyrD:Psaprr -lacZ (kan) AsdpABC::cat amyE:-Purs-sdpC (spec) .
TPM1357 thrC:Phs-sdpB (mls) This study
pyrD:Psaprr -JacZ (kan) AsdpABC:cat amyE:-Prs-sdpC (spec) .
TPM1359 thrC:Phe -sdpA (mls) This study
TPM1361 pyrD-Psaprr-lacZ (kan) AsdpABC:cat thrC:-Pus-sdpA (mls) This study
pyrD:Psapri-lacZ (kan) thrC:Phrs-sdpAB (mls) AsdpABC:cat :
TPM1476 amyE-Pps-sdpC (spec) This study
pyrD:Psaprr-lacZ (kan) thrC-Prs-sdpAB (mls) AsdpABC:cat .
TPM1502 amyE-Ps-sdpCT50H (spec) This study
pyrD:Psaprr-lacZ (kan) thrC-Prs-sdpAB (mls) AsdpABC:cat .
TPM1505 amyE:Pys -sdpCCHiA (spec) This study
pyrD:Psaprir-lacZ (kan) thrC:-Prs-sdpAB (mls) AsdpABC:cat .
TPM1506 amyEf-'Ph}; -sdpCCI41A CLi7A (spec) This study
pyrD:Psaprr-lacZ (kan)thrC:Prs-sdpAB (mls) AsdpABC::cat :
TPM1507 amyl:-Phs-sdpCCl47A (spec) This study
TPM1510 pyrD:Psaprr-lacZ (kan) thrC:Prs-sdpAB (mls) AsdpABC-cat This study
TPM1713 ;(7 ;”g;'PsdpR['JQCZ (kan) Prs-sdpABC (cat) amyE:Pys-GFP This study
pyrD:Psaprir-lacZ (kan)AsdpABC::cat thrC::Phs-sdpBC mls .
TPM1444 amyE-:Ps-gfo-sdpA (spec) This study
pyrD:Psaprr-lacZ (kan)AsdpABC:-:cat thrC:Prs-sdpB mlis .
TPM1438 amyE-Prs-gfp-sdpA (spec) This study
TPM1432 ?gg}-PsdpR['].aCZ (kan)AsdpABC:-cat amyE- Phs-gtp-sdpA This study
TPM1349 pyrD:Psapr-lacZ (kan)AsdpABC:cat This study
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ggﬁ? o Use Sequence 5-3’

CDEP124 Cloning sdpAB aaaagcttggaggtaatctacatcaaa

CDEP125 Cloning sdpAB aagcatgcagttatttctcecattateta

CDEP126 Cloning sdpC aagcatgctagataatggagaaataact

CDEP127 Cloning sdpC aagcatgcagacactcaattataatgga

CDEP128 Psaprr lacZ Fusion acgtcagaattcggacatcatcgtcagaggatcaa

CDEP129 PsaprrlacZ Fusion tccagcaagcttetecttgttggatctgatatagett

CDEP269 Sequencing sdpC cgttttttatgecagecaatgge

CDEP270 Sequencing sdpC gtacgtacgatctttcageeg

CDEP566 Cloning sdpA aagcatgcttataggtgtcaatataacc

CDEP567 Cloning sdpB aaaagctttaaggaggatttaagtatgaagatattaaatag

CDEP640 sdpCT30H Mutant ttcattagtaggactctctaaggagtcaagtcattetgectaaagaaaaccatacatt
CDEP641 SdpCT30H Mutant aatgtatggttttctttagcagaatgacttgactccttagagagtectactaatgaa
CDEP890  gfprsdpA caccggaggtaatctacatcaaa

CDEP891 sdpC cacctagataatggagaaataact

CDEP892 sdpCC47AMutant atcttgtgggctttatgeegtegecagtageagetggatatttatatg
CDEP893 sdpCC#7AMutant catataaatatccagctgctactgecgacggecataaageccacaagat
CDEP912 sdpCC#14AMutant aaaatactcttctaataaagttactccatetgetgggetttatgeegte
CDEP913 sdpCC#14AMutant gacggcataaagceccagecagatggagtaactttattagaagagtatttt
CDEP1247 sdp(CC14AC147AMutant gtaaaatactcttctaataaagttactccatctatggggetttatgeegtege
CDEP1248 sdp(CC1#AC14TAMutant gegacggeataaagecccatagatggagtaactttattagaagagtattttac
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Table 3. Plasmids used in Chapter II

Plasmid  Description Source/Reference
name

pDR111 amyF integration vector IPTG inducible specresistance  (Ben Yehuda and
others 2003)
pDP150 thrCintegration vector IPTG inducible erm resistance (Kearns and others 2005)

pCE106  (pDR111 Pis-sdpC amyFE integration speck) This study
pCE216  (pDP150 Pus-sdpAthrCintegration ermk) This study
pCE260 (pDR111 Prs-sdpCT30H amyF integration speck) This study
pCE315 (pDP150 Prus-sdpB thrCintegration ermk) This study
pTP076 (pDR111 Prs-sdpCC1474 amykE integration speck) This study
pTP085 (pDR111 Prs-sdpCC1#414 amykE integration speck) This study
pTP091 (pDR111 Prs-sdpCC1414 C1474 amyF integration speck) This study
pTP092 (pDP150 Prus-sdpAB thrCintegration ermk) This study

pCE291 (pDR111- Pas-gfp-rfAccdBcatR amykE integration specR) (Ho and Ellermeier 2011,
pDTO002 (pDR111 Prs-gfp-sdpA amyk integration specR) This study
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Figure 5: SDP toxin production model.

A. Detectable forms of SdpC. pro-SdpC'20 contains an N-terminal signal
peptide sequence. Sdp(33203 ig secreted and the signal peptide has been removed by
signal peptidase. The disulfide bond between amino acid residues 141-147 is noted.
SDP is produced from residues 141-181. The active toxin is secreted and has a
disulfide bond between amino acid residues 141-147.

B. Model of SDP production requires multiple steps. In the cytosol, full length
SdpC (pro-SdpC12%) is secreted via the Sec Pathway. Following secretion, the signal
peptidases SipS/T cleave the N-terminal signal peptide sequence of SdpC (Linde and
others 2003a) and disulfide bond formation occurs independently of SdpAB. Finally,
post-translational cleavage of SdpC occurs via SdpAB to produce a 42 amino acid

SDP that will be secreted extracellularly as an active SDP peptide.
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Figure 6: Signal peptide cleavage is required for full secretion and activity of SDP.

A.SdpC subcellular localization. The relevant genotypes of the strains with
respect to SApABC are noted as: ABC* (TPM1476) and ABCT30H (TPM1502) for SdpC
mutants are indicated above the figure. Cultures were fractionated into supernatant
(9), cell wall (CW), membrane (M), and cytoplasm (C) as described in the materials
and methods. SdpC was detected by immunoblot using anti-SdpC antibodies.

B.The effect of different combinations of SdpC™3%H on expression of PsaprrlacZ.
The relevant SdpABC phenotypes are indicated in the figure and all strains contain
PsaprrlacZ (pyrD::Psapri-lacZ?). The relevant genotypes of the strains with respect to
SdpABC are noted as: ABC* (TPM1476), C* (TPM1352), ABCT3H (TPM1502) and
CT30H (TPM1005).

C. SDP zones of inhibition on SDP-sensitive cells. The relevant genotypes of
the strains with respect to SdpABC are noted as: ABC* (TPM1476), C* (TPM1352),
ABCTsH (TPM1502) and ABCTH (TPM1005). SDP-producing cultures were spotted
on LB soft agar containing IPTG and Sdpl' (SDP-sensitive; CDE433 AsigW

AsdpABCIR). Plates were incubated at 37°C overnight.
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Figure 7: SdpAB are required for induction of the sdpRI operon and SDP toxicity.

A.The effect of different combinations of SApABC on expression of PsqprrlacZ.
The relevant SdpABC phenotypes are indicated in the figure and all strains contain
Psaprr lac A pyrD:-Psapri-lacZ?). The relevant genotypes of the strains with respect to
SdpABC are noted as: ABC* (TPM1476), A+ (TPM1361), B+ (TPM727), C*
(TPM1352), AC* (TPM1359), BC+* (TPM1357), AB* (TPM 1510), and SdpABC
(TPM1349). The B-galactosidase activity was assayed as described and was
performed in triplicate. The average and standard deviations are shown.

B. SDP zones of inhibition on SDP-sensitive and SDP-resistant cells. All
strains contained Psqprr/acZ and the relevant genotypes of the strains with respect
to SdpABC are described above. Cultures were spotted on LB soft agar containing
IPTG and either SdpI' (SDP-sensitive; CDE433) and SdpI* (SDP-resistant; TPM758)
cells and incubated at 37°C overnight.

C. In-gel SDP peptide zone of inhibition on SDP-sensitive cells and SDP-
resistant cells SdpI*. The culture supernatants prepared as described in the
materials and methods. Relevant SdpABC phenotypes are indicated in the figure as
follows: ABC* (TPM1476), C* (TPM1352), AC* (TPM1359), BC* (TPM1357), and
SdpABC (TPM1349). The gels were overlaid with LB soft agar + IPTG and contain
106 SdpI" (SDP-sensitive; CDE433) or SdpI* (SDP-resistant; TPM758). The plates

incubated overnight at 30°C.
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Figure 8: Secretion of Sdp(C33-203 does not require SdpAB.

SdpC secretion in the presence of different constructs of SdpABC. The
relevant phenotypes of the strains with respect to SApABC are indicated at the top
of the figure. All strains contain PsaprrlacZ (pyrD::Psapri-lacZ?). The genotypes of the
strains are as follows: ABC* (TPM1476), AC+ (TPM1359), BC* (TPM1357), C*
(TPM1352), and SdpABC- (TPM1349). Cultures were separated into supernatants
and pellets as described in the materials and methods. Samples were separated by
SDS/PAGE and SdpC was detected by immunoblot using 1:3000 rabbit anti-SdpC

antibodies. Anti-o# antibodies were used to detect o® as cytoplasmic control.
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Figure 9. SdpAB are required for production of 42 amino acid SDP toxic peptide.
Detection of SDP using mass spectrometry analysis from B. subtilis strains
expressing different combinations of sdpABC. The relevant genotypes of the strains
with respect to SApABC are indicated at the sides of the figure ABC* (TPM1476), A*
(TPM1361), B* (TPM727), C*(TPM1352), AC* (TPM1359), BC* (TPM1357), AB*
(TPM1510) and SdpABC- (TPM1349). Samples were prepared as described in

materials and methods.
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Figure 10: SDP disulfide bond formation is not essential for SDP activity and is
independent of SdpAB.

A. B-galactosidase activity of SdpC cysteine mutants in the presence and
absence of SdpAB. All strains contain PsgprrlacZ (pyrD::Pspri-lacZ?). The figures are
labeled for their relevant sdp genotypes and are as follows: ABC* (TPM1476), C*
(TPM1352), ABCC1414 (TPM1505), CC414 (TPM1158), ABCC"74 (TPM1507), CCua
(TPM1112), ABCc141A cu17a (TPM1506), and CC141a €174 (TPM1207). The B-
galactosidase activity assays were performed in triplicate as described in the
materials and methods. The average and standard deviations are shown.

B. Toxic effect of SDP cysteine single and double mutants on SDP-sensitive
cells (SdpI-, CDE433) and SDP-resistant cells (SdpI*, TPM758). The figures are
labeled for their relevant sdp genotypes and are as follows: ABC* (TPM1476), C*
(TPM1352), ABCC141A (TPM1505), CC1414 (TPM1158), ABCC147A (TPM1507), CC147A
(TPM1112), ABCC141A C147A (TPM1506), and CC141A C147A (TPM1207).

C. Sdp(C33203 disulfide bond formation in the presence and absence of SdpAB.
Whole cell cultures were prepared as described in materials and methods. Final
samples were resuspended in 2x sample buffer with (+) or without (-) B-

mercaptoethanol. The figures are labeled with their relevant sdp genotypes and are

as follows: ABC* (TPM1476) and C* (TPM1352).
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Figure 11. SdpA is a cytosolic protein.

A) B-galactosidase activity of different combinations of SdApABC on expression
of PsaprrlacZ. The relevant SdpA-GFP*BC* phenotypes are indicated in the figure
and all strains contain PsgrrlacZ (pyrD::Psiprr-lacZ?). The relevant genotypes of the
strains with respect to Sdp are noted as: WT (TPM1713), SdpA-GFP+B+C*
(TPM1444), SdpA-GFP+ B* (TPM 1438), SdpA-GFP* (TPM 1432), and SdpABC-
(TPM 1349). Strains described above were streaked in LB agar containing X-Gal + 1
mM IPTG. Plates were incubated at 37°C for 16 hours.

B) SDP zones of inhibition on SDP-sensitive cells SdpI' (CDE433) and SDP-
resistant cells SdpI* (TPM758). All strains contained PsiprrlacZ and the relevant
genotypes of the strains with respect to Sdp are noted as: WT (TPM1713), SdpA-
GFP*BC* (TPM1444), SdpA-GFP+ B* (TPM 1438), SdpA-GFP+ (TPM 1432), and
SdpABC- (TPM 1349). Cultures were spotted on LB soft agar containing IPTG and
either SdpI- (SDP-sensitive; CDE433) and SdpI* (SDP-resistant; TPM758) cells and
incubated at 37°C overnight.

C) Cells were grown for 4.5hrs in LB broth containing 0.1 mM IPTG and 0.2%
xylose. Cells were separated into supernatants (S) and whole cell pellets. Lysozyme
was added to whole cell pellet to extract the cell wall component (CW). Remaining
protoplasts were sonicated and ultracentrifuged (100,000 x g) to separate membrane
(M) and cytosolic (C) components. All samples were concentrated via methanol

chloroform extraction.
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CHAPTER III. ANALYSIS OF SDPI RESIDUES REQUIRED FOR
SIGNAL TRANSDUCTION AND IMMUNITY TOWARDS THE
ANTIMICROBIAL PEPTIDE SDP3

31 performed the experiments in this chapter .The following results are in a manuscript
prepared for submission: Perez Morales, T.G. and Ellermeier C.D.
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Introduction

Bacteria respond to extracellular stresses by communicating these
signals through the membrane and generating a transcriptional response.
This can be achieved via numerous mechanisms which include two-
component systems, ligand-binding proteins, and regulated intramembrane
proteolysis (RIP). This is turn leads to changes in gene expression which are
important for survival. In the Gram-positive bacteria Bacillus subtilis, there
are several known signal transduction systems involved in stress response.
Two-component systems including the LiaFSR and BceRS respond to cell
stress and induce expression of genes important for resistance to bacitracin
(Kallenberg and others 2013; Kesel and others 2013). Other known two-
component systems include WalRK, which 1is required for cell wall
metabolism (Fabret and others 1998; Fukuchi and others 2000) and DegSU
involved in tolerance to salt stress (Kunst and others 1994; Kunst and others
1995)

Another common signaling mechanism involves activation of extra-
cytoplasmic function (ECF) sigma factors which are induced via a wide array
of cell envelope stressors. These are activated via regulated intramembrane
proteolysis (RIP) where a site-1-protease and a site-2-protease are required
for cleavage of their respective anti-sigma factors and subsequent release

(Ellermeier and others 2006b; Schobel and others 2004). There are seven
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ECF sigma factors in B. subtilis, from which the most studied is oW. oW
responds to several cell envelope inhibitors (Butcher and others 2006;
Kingston and others 2011; Wiegert and others 2001). Another sigma factor,
0V, is induced only in the presence of lysozyme (Guariglia Oropeza and others
2011; Ho and others 2011b). oX has been described to induce expression of
genes involved in cell envelope modification in response to cell wall inhibitors
(Cao and others 2004) while oM regulates genes important for cell envelope
stressors such as (Luo and others 2012), salt (Horsburgh and others 1999)
and paraquat (Cao and others 2005).

Antimicrobial peptides are a common cell envelope stress encountered
by bacteria. Bacteria have developed diverse mechanisms to defend against
anti-microbial peptides. These include ABC-transporters, direct protein
interactions, and proteolysis. The anti-microbial peptide Sublancin (Paik and
others 1998)is negatively regulated via Rok (Albano and others 2005), AbrB
(Strauch and others 2007), and independently via the oM and oX regulation
(Luo and others 2009). The toxic effects of Sublancin production can be
mitigated by the single transmembrane protein Sunl whose production is
dependent upon oW (Butcher and others 2006; Dubois and others 2009).
Another anti-microbial peptide produced by B. subtilis, Subtilin, which is also
repressed by AbrB and Rok (Albano and others 2005; Strauch and others
2007), requires a combination of the membrane protein Spal and an ABC

transporter SpaFEG for resistance (Stein 2005; Klein and others 1994). More
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recently, it was found that the anti-microbial peptide SDP produced by B.
subtilis (Chapter II) during stationary phase induces expression of the sdpRI
genes which are involved both in SDP detection and resistance (Ellermeier
and others 2006a; Gonzalez-Pastor and others 2003).

The sdpRI operon encodes SdpR, an ArsR-like negative regulator,
which represses expression of the sdpRI operon and the six-transmembrane
immunity/signal transduction protein Sdpl. In response to the SDP peptide,
Sdpl sequesters SdpR to the membrane, thus alleviating the repressive
effects of SdpR on sdpRI expression (Ellermeier and others 2006a).

Sdpl i1s the founding member of a family of proteins which are
predicted to provide resistance to antimicrobial peptides (Marchler Bauer and
others 2013). Sdpl contains a domain of unknown function which is conserved
across several bacterial species such as Clostridium difficile, Streptococcus
mutans, S.mitis, and other Bacillus species. Interestingly, the Sdpl family
includes orthologs which vary in the number (3-12) of putative
transmembrane domains (Povolotsky and others 2010). One such example
from B. subtilis, YthL, contains three transmembrane domains and is known
to provide SDP-resistance (Butcher and others 2006). The YfhL protein
sequence matches the last three transmembrane domains of Sdpl and
contains several residues which are conserved in Sdpl (Bailey and others

1994).
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In this study, we identify specific regions in Sdpl important for either
signaling or immunity functions. Based on our data, we made predictions

about other Sdpl homologs and tested the role of these in resistance to SDP.

Materials and Methods

Media and Strains

Oligos and plasmids used in this study can be found in Tables 4 and 5.
All strains in this study are isogenic derivatives of PY79, a prototrophic
derivative of B. subtilis strain 168, and are listed in Table 6 (Youngman and
others 1984). Strains were routinely grown in Luria-Bertani (LB) and Difco
sporulation broth medium (DSM) at 37°C. Overnight cultures were grown at
30°C.

Antibiotics were used at the following concentrations: erythromycin
plus lincomycin, (1 pg/ml and 25 pg/ml, respectively); chloramphenicol (20
pg/ml), kanamycin (10 pg/ml), spectinomycin (50 pg/ml), tetracycline (10
pg/ml) and ampicillin (100 pg/ml). The B-galactosidase chromogenic indicator
5-bromo-4-chloro-3-indolyl B-D-galactopyranoside (X-Gal) was used at a
concentration 100 pg/ml.

Isopropyl B-D-1-thiogalactopyranoside (IPTG), was used at a final
concentration of 1 mM. Xylose was used at a final concentration of 0.1%

(Ellermeier and others 2006a). Bacterial strains were constructed by
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transformation of genomic or plasmid DNA into B. subtilis competent cells

prepared as previously described (Wilson and others 1968).

Plasmid Construction

All plasmids were transformed into B. subtilis PY79. Strains in this
work contain a PsagprrlacZ reporter at the thrC locus (thrC:Psiprr-lacZ mls)
(Ellermeier and others 2006a). Site-directed mutagenesis of sdpl was
performed using a plasmid containing sdp/ (pCE129) under the control of an
IPTG inducible promoter (Ellermeier and others 2006a). Site-directed
mutants were constructed using the Quickchange kit (Agilent Technologies).
Appropriate primer pairs used for Sdpl site-directed mutants are listed in
Table 4.

A Gateway destination vector was constructed to express yfhAL from an
IPTG-inducible promoter (Invitrogen) (Ho and others 2011a). y/hL was PCR
amplified using oligos CDEP1795 and CDEP595 and was cloned into pEntrD-
TOPO, resulting in pTP254. To construct a plasmid producing YfthL*, yfhL*
was moved from pTP254 onto pCE292 using LR Clonase II (Invitrogen),
resulting in plasmid pTP255. Site-directed mutagenesis of yrhAL was
performed using a plasmid pTP255. The yfhL site-directed mutants were
constructed as described previously. Primer pairs and resulting plasmids are

listed in Tables 4 and 5.
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A plasmid carrying the sdpl homolog, sdplSmutans (gene 1646c¢c), from
Streptococcus mutans UA195 was constructed by PCR using oligo primers
CDEP1796 and CDEP598 and was cloned into pEntrD-TOPO to generate
plasmid pTP259. Plasmid producing sdplSmutans was moved into pCE292
resulting in plasmid pTP262.

A plasmid carrying the sdpl homolog, sdplCdifficile630 (gene cd1994),
from Clostridium difficile 630 was constructed by PCR using oligo primers
CDEP1797 and THE312. PCR products were cloned into pEntrD-TOPO to
generate plasmid pTP260. Plasmid expressing sdplC difficile650 were moved into
pCE292 resulting in plasmid pTP263.

Plasmids carrying flag-sdpl, flag-sdpIF1374, flag-sdplC¢151E, or flag-
sdp[R137AGIS1E wyere constructed by PCR using oligo primer pair CDEP1802
and CDEP138. PCR products were cloned into pEntrD-TOPO to generate
plasmids pTP270, pTP271, pTP272, and pTP273. Plasmids expressing n-
terminal flag-sdpl, flag-sdplF1374, flag-sdplC151E or flag-sdplFI37AGISIE wyere
moved into pCE418 resulting in plasmids pTP268, pTP265, pTP269, and
pTP274 respectively.

Plasmids carrying flag-ythl, flag-yfhlLE52A, and flag-yfhLV"#4 were
constructed using oligo primer pair CDEP1801 and CDEP595. PCR products
were cloned into pEntrD-TOPO to generate plasmids pTP275, pTP276, and

pTP277. Plasmids expressing flag-yfhL, flag-yfhlE524, and flag-yfthL W44 were
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moved into pCE418 resulting in plasmids pTP264, pTP278, and pTP267

respectively.

Localized mutagenesis of sdp/

Localized mutagenesis of sdp/ was performed using either
Hydroxylamine Mutagenesis (HA) or Ethyl Methanosulfonate (EMS)
mutagenesis of a plasmid containing sdp/ (pCE129) under the control of an
IPTG-inducible promoter (amyZE-:Pus-sdpl). Briefly, 30-40 ul of concentrated
plasmid was added to either a mixture of 1M Hydroxylamine (1M KPO, pH
6.0 and 0.5 M EDTA buffer) or a mixture of EMS (1:100 dilution EMS in 1x
PBS buffer). sdpl plasmid mixtures were incubated at 65°C and 37°C
respectively for 1 hour. Mutated sdp/ plasmids were PCR purified and
transformed into B. subtilis PY79 containing a Psgprr-lacZ reporter at the thrC
locus (thrC::Psiprr-lacZ), with an sdpl deletion. Transformations were plated
in LB plates containing 100 pg/ml of X-Gal, 1 mM IPTG, and grown at 37°C
for 16 hrs. Colonies with decreased or increased sdpRI expression were
selected for further study. Selected mutants were grown in LB and
centrifuged. Samples were resuspended in chromosomal lysis buffer and
chromosomal DNA was prepared as described (Harwood, C.R and Cutting,
S.M., eds 1990). Mutated DNA was backcrossed in PY79 and further assays
were done to confirm the mutant phenotype. Finally, mutants were

sequenced using primer pairs CDEP269 and CDEP270.
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SDP-killing assay
Briefly, overnight cultures of SDP-resistant (AsigW AsdpABCIR
sdpl*), SDP-sensitive (AsigW AsdpABCIR) or Sdpl mutants (AsighW
AsdpABCIR sdpl’) were sub-cultured 1:100 in LB broth. Cultures were
grown for 4 hours at 37°C. Samples were mixed with 0.7% agar supplemented
with 1 mM IPTG. Cultures of SDP*+ (sdpABC*) and SDP- (sdpABC) grown at

37°C were spotted onto plates and incubated for 16 hrs at 37° (Chapter ID).

Sdpl competition assay
Experiments were performed in triplicate and as described previously
(Ellermeier and others 2006a). Briefly, overnight cultures were diluted 1:100
and grown in DS broth supplemented with 1mM IPTG. At O.D.soo0 0.8, cells
were mixed 1:1 ratio and plated in DS agar 1mM IPTG and incubated at 37°C
for 16 hours. Samples were scraped off and resuspended in 5 mls of DS broth.

The competitive index was measured in triplicates.

SdpR-GFP localization assay
Cultures were grown overnight in LLB broth at 30°C. 200 pul of cultures
were spotted on sporulation media (DS) containing 0.1% xylose and 1 mM
IPTG, and grown for 5 hrs at 37°C as previously described (Ellermeier and
others 2006a). Cells were scraped off and resuspended in 1x PBS. Samples

are centrifuged and resuspended in 1X PBS. Briefly, 750 pl of 1% agarose are
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spotted on a slide and let to dry. 4 ul of sample were fixed with Poly-L-Lysine
onto the agarose pad and covered with a coverslip. Cells were visualized

using fluorescent microscopy.

B-galactosidase activity assay

Cultures in triplicate were grown overnight in LB broth at 30°C. 200 ul
of culture were spotted onto LB agar supplemented with 1 mM IPTG and
incubated at 37°C for 4 hours. Samples were harvested from the plates and
resuspended in 1 ml of Z buffer (60 mM NasHPO4, 40 mM NaH:PO4, 10 mM
KCl, 1 mM MgSO4, 50 mM B-mercaptoethanol pH 7.0) and the ODgoo was
determined. Lysozyme (10 pg) was added to samples and incubated for 30
minutes at 37°C (Harwood, C.R and Cutting, S.M., eds 1990). Cell lysates
were added to 96 well plates with 10 mg/ml ortho-Nitrophenyl-8-galactoside
(ONPG) and activity of B-galactosidase was measured every 2 minutes at
OD4o5 for 40 minutes total. Data were analyzed as previously described (Ho

and others 2011b; Slauch and others 1991).

Immunoblot analysis of Sdpl and YfhL
Samples were electrophoresed on a 15% SDS Polyacrylamide gel
(BioRad). The proteins were then transferred onto nitrocellulose and detected

by incubating with a 1:5,000 dilution of anti-flag antibodies or 1:10,000
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dilution of anti-o# antibodies followed by incubation with a 1:10,000 dilution

of goat anti-rabbit IgG (H+L)-HRP conjugate from BioRad.

Results

Isolation of Sdpl mutants with altered SDP
immunity or signaling

Sdpl has two known functions, resistance to SDP and signaling via
membrane sequestration of SdpR in response to SDP. Sdpl is a predicted six
transmembrane protein with no homology to any proteins with known
function. From an alignment of Sdpl homologs that are encoded in an operon
with SdpR, we identified several highly conserved residues (Figure 12)
(Bailey and others 1994). Most of these highly conserved residues are located
between the predicted 4th and 5t transmembrane domains (Figure 12). We
sought to identify residues important for either signaling activity or SDP-
resistance (Figure 13). We selected several highly conserved residues for site-
directed mutagenesis of sdp/, encoded in an IPTG-inducible expression vector
(Table 7). Most of the Sdpl mutants resulted in no change in induction of
Psapri-lacZ expression or resistance to SDP (Figure 14, and Table 7).

Sdpl mutants were screened for sdpRI induction and SDP-resistance
(Figure 13). Colonies of potential Sdpl mutants were streaked on LB agar

containing XGAL and IPTG. Sdpl mutants which had lower or higher Psqpri-
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lacZ activity than wild type were selected for quantitative assays. Colonies
were also streaked on sporulation media (DS) with IPTG. Sdpl mutants with
a decrease or increase in SDP immunity when compared to wild type were
selected for further analysis. From this screen we isolated two Sdpl mutants,
SdpIR137A and SdpIN123A) which altered SDP resistance and Sdpl signaling
functions, respectively, that will be discussed below.

Since we failed to identify a significant number of mutants using the
site-directed approach we also performed localized mutagenesis of a plasmid
carrying the IPTG inducible copy of sdp/ using Hydroxylamine and Ethyl
Methanosulfate (EMS) mutagenesis. Using this method we identified two
additional Sdpl mutants, SdpIM1254 gand SdplG15lE which altered either SDP

resistance or signaling functions.

Sdpl Signaling Immunity * mutants fail to
induce sdpRI expression
Previous work determined that Sdpl is required for sdpRI expression
in the presence of SDP (Ellermeier and others 2006a). Two mutants
1dentified, SdpIQ126L and SdpIS156T, were found to reduce sdpRI expression yet
provide resistance to SDP (Ellermeier and others 2006a). Our screen isolated
two additional mutants, SdpIN123A and SdpIM1254A which blocked induction of
Psqgprr-lacZ but still provided immunity to SDP. These amino acid

substitutions are predicted to be located within the 4th transmembrane
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domain in close proximity to the initial mutant SdplQ126L, We investigated
their role in signaling by expressing sdp/N1254 and sdpIM1254in a Asdpl Psapri-
lacZ reporter strain and compared them to sdpf*. As observed in Figure 15A,
cells producing wild type Sdpl*in the presence of SDP fully induce Psaprr-lacZ
activity (Ellermeier and others 2006a). In contrast, the absence of SdpI blocks
sdpRI induction (Ellermeier and others 2006a). Cells producing either
SdpIN1238A oy SdpIM125A have a 10-fold decrease in Psgprr-lacZ activity (Figure
15A). These results are similar to previously isolated mutants SdpIQ126L and
SdpIS156T which also decrease Psgpri-lacZ activity by 10-fold (Ellermeier and
others 2006a) (Figure 15A). These results suggest that similarly to SdpIQ126L
and SdpIS156T SdpIN123A " and SdpIM125A are unable to signal in the presence of

SDP.

Sdpl Signaling Immunity* mutants provide
resistance to SDP
To determine if SdpIN123A and SdpIMi25A confer SDP-resistance, we
expressed sdpIN123A, sdpIM1254, sdpl@126L. and sdpl5156T in a strain deleted for
wild type sdpl and sigW (AsdpABCIR AsigW) to avoid protection via YfhL
(Ellermeier and others 2006a; Butcher and others 2006). A zone of inhibition
can be observed when spotted in a lawn of Sdpl™ cells, indicating a lack of
SDP-resistance (Figure 15B). In contrast, no zone of inhibition is present in a

lawn of Sdpl*-producing cells. Similarly, lawns with cells producing either
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SdpIN123A SdpIM1254 ) SdplQ126L or SdpIS156T were able to provide immunity to
SDP (Figure 15B). These results suggest that Sdpl signaling’ immunity*

mutants retain the ability to provide resistance to SDP.

SdplI Signaling” Immunity* mutants fail to localize SdpR
to the membrane in response to SDP

Sdpl localizes SdpR to the membrane in the presence of SDP
(Ellermeier and others 2006a). To determine if SdpIN123A and SdpIM125A can
membrane-localize SdpR, we expressed them in a strain containing an sdpR-
gfp fusion and examined SdpR-GFP localization via fluorescent microscopy
(Ellermeier and others 2006a). As observed previously, cells producing wild
type Sdpl* effectively localize SdpR-GFP to the membrane in the presence of
SDP (Figure 16). Cells that do not produce Sdpl (SdpI) exhibit SdpR-GFP
cytosolic localization. Likewise, cells producing SdpINi23A SdpIM1254
SdpIQ126L, or SdpIS156T failed to localize SAdpR-GFP to the membrane. These
results indicate that Sdpl mutants which disrupt signal transduction have a

defect in sequestering SdpR-GFP to the membrane in the presence of SDP.

Sdpl Signaling Immunity* mutation is dominant
to a constitutive Sdpl mutation
To better understand the defect in Sdpl signaling-immunity* mutants

we sought to determine if they lacked an ability to sense signal or to transmit
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signal transduction by localization of SdpR. Previous work identified a
number of Sdpl mutants that were constitutively active. Of these, it was
shown that SdpI¥78! mutant protein was able to sequester SdpR-GFP to the
membrane in the absence of SDP (Ellermeier and others 2006a). Given that
SdpF78l 1s in a locked-ON conformation, we asked whether addition of
SdplIQ126L would block this phenotype. To determine if a signaling” immunity*
mutant would have an epistatic effect on Sdpf78l; we constructed the double
mutant sdplF781Q126L gnd expressed it in a Psgprr-lacZ reporter strain.

In the presence of SDP, cells producing wild type Sdpl* increase Psqprr-
lacZ activity to maximum levels (Figure 17A). In Sdpl cells, no Psagprr-lacZ
activity is detected. SdplQ126L ig unable to induce sdpRI expression in the
presence of SDP when compared to wild type SdpI*. In contrast, expression
of Psdprr-lacZ is increased to wild type levels in strains producing SdplF7sl
(Ellermeier and others 2006a). Interestingly, SdpIF78IQ126L was unable to
induce sdpRI expression in the presence of SDP.

In the absence of SDP, cells producing wild type Sdpl* have no Psgpri-
lacZ activity indicating that sdpR[l induction is SDP-dependent. In contrast,
SdpIF78 induces sdpRI expression in the absence of SDP (Ellermeier and
others 2006a). SdpIQ126L and SdpIF781Q126L do not increase Psgprr-lacZ activity.
This result suggests that a Q126L is dominant to the F78I mutation and that

the Q126L mutants are defective in SdpR membrane sequestration.
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We also tested if SdpI¥F78IQ126L could provide immunity to SDP. As
observed in figure 17B, cells producing the following: SdpI¥F78l, SdpIF781Q126L,
SdpIQ126L have a discernible SDP zone of inhibition. This indicates that these
mutants are only affecting the signaling capabilities of Sdpl and not the
immunity functions. It also suggests that these mutant forms of Sdpl are still
being produced.

Since SdplIF78l can sequester SdpR-GFP to the membrane in the
absence of SDP, we examined if Sdpl¥78IQi26L would also disrupt this
interaction. SdpIF781Q126L wag produced in an sdpR-gfp strain in the presence
or absence of SDP and the localization of SdpR was monitored by fluorescence
microscopy. In cells producing SdplIQ!26L SdpR-GFP is localized to the cytosol
even in the presence of SDP (Ellermeier and others 2006a). In contrast, cells
producing Sdpl¥78! effectively localized SdpR-GFP to the membrane similarly
to SdpI* (Ellermeier and others 2006a). However, cells producing SdpIF781Q126L
were unable to localize SdpR-GFP to the membrane (Figure 18). We also
monitored SdpR-GFP localization in the absence of SDP. Cells producing
Sdpl¥78l sequester SdpR-GFP to the membrane under these conditions.
However, cells that produced Sdpl*, SdplQi26L or Sdpl¥78lQi26L did not
sequester SAdpR-GFP to the membrane. Thus the SdplQ!26L mutant can
disrupt signaling in an SdpI¥78l mutant which is constitutively active. This
suggests that the SdplQ!26L mutant may function downstream of SDP sensing

and is defective in recruitment of SdpR to the membrane.



84

Sdpl Signaling* Immunity” mutants fail
to provide SDP resistance

In addition to signaling, Sdpl also provides resistance to the
antimicrobial peptide SDP but the mechanism of resistance is not known
(Ellermeier and others 2006a). We sought to identify SdpI mutants which
affected only SDP-resistance. Using site-directed and localized mutagenesis
we 1dentified two independent mutants, SdpIR137A and SdplG151E which
retained signaling activity but were sensitive to SDP. We also identified one
mutant, W148A, which was sensitive to SDP and was unable to induce sdpR/
(Table 7, Figure 19A). This suggested that SdpIW148A was a non-functional
mutant and was not studied further.

To determine contribution of these residues towards SDP immunity,
the Sdpl mutants SdpIR137A and SdplGl5lE were expressed in a AsdpABCIR
AsigW strain. As shown above, no zone of inhibition was detected in cells
producing SdpI* (Figure 19B). Whereas cells that lack Sdpl (Sdpl) have a
large zone of inhibition when spotted with SDP* cultures. Cells producing
SdpIR37A and SdplGl5lE have larger zones of inhibition compared to cells
producing wild type SdpI* (Figure 19B). This suggests that SdpIR137A and
SdpIG151E confer decreased resistance to SDP compared to wild type Sdpl. To
quantify these differences in SDP resistance we measured survival
differences using a competition assays as previously described (Table 8). We

observed that WT cells co-cultured with Sdpl* producing cells have a similar
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competitive index in the presence of SDP. However, WT cells co-cultured with
either SdpIR137A or SdplG151E revealed a lower competitive index indicating
the Sdpl mutants SdpIR137A and SdplGl5lE were at a disadvantage in the
presence of SDP. This suggests that these mutants do show decreased SDP
resistance.

To corroborate that SdpIR137A and SdplG151E mutant activity was not
affected by a decrease in protein levels, we constructed N-terminal 3x-Flag-
CBP tagged SdplIRi37A and SdplG!5E and visualize by immunoblot analysis
using antibodies against Flag. We observed that whole cell pellets of SdpI*-
producing cells show a protein band approximately at ~30kD corresponding
to 3xFlag-CBP-Sdpl (Figure 19C). This band is absent in cells not containing
the construct. When compared to Sdpl+, we observed that the Sdpl
signalingtimmunity- mutants SdpIR137A and SdplG151E have no difference in
protein levels. These results suggest that SDP decreased resistance in

SdpIR137A and SdpIGI5LE 1s not due to a decrease in protein levels.

Sdpl Signaling* Immunity” mutants
retain signaling function
The SdpIR137A and SdplGl5lE gubstitutions are located within the
predicted cytosolic loop between the 4th and 5th transmembrane domain
(Table 2). We have established that these mutants confer SDP-sensitivity.

However, their effect on sdpRI expression is unknown. To determine if
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SdpIR137A and SdpIG151E have altered sdpRI expression, they were expressed
in the Psgprr-lacZ reporter strain under SDP* conditions. Cells that produced
SdpIR137A digplayed a slight, although not statistically significant, decrease in
Psaprr-lacZ activity when compared to SdpI* (Figure 19A). Likewise, SdpIG151E
producing cells were fully able to induce sdpRI expression. These results
indicate that Sdpl signaling* immunity mutants, SdpIR374 and SdplIG151E, do
not affect signal transduction. This suggests that these residues are

important for SDP immunity.

Sdpl Signaling* Immunity” mutants can sequester
SdpR to the membrane

We also determined if SdpIR137A and SdplG151E can localize SdpR-GFP
to the membrane. We hypothesized that these mutants would not be altered
in this function. Using the same constructs as described previously we
observed SdpR-GFP localization in the presence of SDP via fluorescent
microscopy. As before, wild type Sdpl* cells localize SdpR-GFP in the
presence of SDP (Figure 19C). Similarly, cells producing SdpIR137A and
SdpIG151E Jocalized SdpR-GFP to the membrane. These results indicate that
amino acids found in this region are not required for SdpR-GFP membrane
localization. This suggests that SdpIR137A and SdpIG151E are defective only for

SDP protection.
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sdpRI expression in Sdpl Signaling* Immunity
mutants is SDP-dependent

SdpIR37A and SdpIG151E fully induce sdpRI expression in the presence
of SDP. To rule out the possibility that SdpIR137A and SdplIGI5E are
constitutive mutants similar to those previously described ((Ellermeier and
others 2006a), Table 7) we expressed them in the absence of SDP (AsdpABCI)
and measured Psgprr-lacZ activity. Cells which produce SDP (WT) induce
Psapri-lacZ activity to maximum levels (Figure 20). In contrast, cells that do
not produce SDP in the presence of Sdpl (SdpI*) have a 5-fold decrease in
Psaprr-lacZ activity. SDP- cells in the absence Sdpl (SdpI-) have no detectable
Psgprr-lacZ levels. Similarly, SDP- cells producing SdpIR137A or SdpIN123A do
not show PFigprrlacZ activity when compared to Sdpl-. However, cells
producing SdpIF78l in the absence of SDP have an 8-fold increase indicating a
constitutive phenotype. These results suggest that SdpIR137A and SdpINi23a

are not constitutive mutants.

SDP-protection in YfhL, mutants
Sdpl is one of two proteins in its family with an established function;
resistance to SDP. Its paralog in B. subtilis, YthL, provides resistance to SDP
in the absence of SdpI (Butcher and others 2006). A sequence alignment of
Sdpl and YfhL shows that YfhL. has sequence similarity to the last three

transmembrane domains of SdpI (Sievers and others 2011) (Figure 21). YfhL
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also contains residues that align with those of Sdpl which we have shown are
important for SDP-resistance. Thus, we constructed site directed y7AL
mutants: yrhALE24 and yfhl"#34 and expressed them in a strain with a sigh
sdpABCIR deletion to assess SDP-resistance in the mutants.

As shown in Figure 22A, cells producing YfhLL* have a very small
SDP zone of inhibition when compared to Sdpl- cells indicating some
protection against SDP (Butcher and others 2006). In contrast, cells
producing YfhLR32A have a zone of inhibition similar to Sdpl cells and larger
than YfhL* suggesting YfhLR32A fails to provide protection against SDP
(Figure 22). When compared to YfhL* and YfhLR32A, we observe that cells
producing YfhLLW43A have an intermediate SDP zone of inhibition suggesting
some protection to SDP has been lost. We also determined if there were
differences in protein levels by constructing N-terminal 3x-Flag-CBP fusions
of wild type YfhL. and one mutant representative, YfhLLW43A, We observed a
protein band approximately at ~22kD corresponding to 3x-Flag-CBP-YfhL.
When compared to YfhL*, we observed that 3x-Flag-CBP-YfhLW43A has no
difference in protein levels (Figure 22B). These results suggest the decrease

in SDP protection is not due to lower protein production.

Sdpl C.dificile provides partial resistance to SDP
We identified other Sdpl homologs that are encoded in an operon with

an SdpR homolog. Although, Sdpl homologs can be found in bacteria such as
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Streptococcus mutans and Clostridium difficile, it does not appear to be any
homologs of the sdpABC genes (Figure 21). These SdpIl homologs contain
several residues that in Sdpl are important for SDP immunity. We sought to
determine if SdplSmutans gnd Sdpl¢-difficile were also able to provide immunity
to SDP. We expressed sdplSmutans gnd sdplCdificie in B, subtilis and
determined protection via SDP toxicity assays.

We found that cells that produce SdplSmutans did not show any increase
in resistance to SDP compared to parent strain (Figure 23). We observed that
cells producing Sdpl¢diicile showed increased resistance to SDP compared to
the parent strain (Figure 23). However, SdplC.difficile ywyas unable to provide the
same level of resistance to SDP as SdplZsubilis, We also quantified the
differences observed in SdplCdifficile using competition assays (Table 8). We
found that Sdpl¢difficie has a competitive index 15-fold lower than SdplZ-subtilis,
However, Sdpl¢dificile had a competitive index 2.5-fold higher when compared

to Sdpl- strain suggesting Sdpl¢difficile has some advantage against SDP.

Discussion

Sdpl possess two functions: signal transduction and SDP resistance.
Here we show that these functions can be separated. We isolated Sdpl
mutants which blocked signaling and SdpR membrane sequestration but had

no effect on SDP resistance (Figure 15). We have found that residues
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required for signal transduction and immunity to SDP are primarily within
the 4th and 5th transmembrane domain of SdplI (Ellermeier and others 2006a)
(Figure 12). Although we did not isolate Sdpl mutants with similar defects in
Immunity or signal transduction in other regions, it is possible that they may
be important for these functions. Sdpl sequesters SdpR to the membrane via
an unknown mechanism. The simplest hypothesis would be that Sdpl directly
binds SdpR, thereby preventing repression. Current studies are evaluating
this possibility.

Sdpl mutants SdpINi23A  SdpIMizsA SdplQ126L gand SdplISts6T have
disrupted both signaling and SdpR membrane sequestration, we hypothesize
these residues may be important for protein interactions. This is supported
by our studies of the double mutant SdplF78IQ126L which can block SdpR
membrane sequestration. Future work will focus in determining if protein
Interactions exist between SdpR and Sdpl.

We also identified a new category of Sdpl mutants which only affected
resistance to SDP (Figure 19). A basic explanation would be that SdpI blocks
SDP effects by direct binding. However, more studies need to be done to
address this hypothesis. The isolation of these mutants is an initial phase to
understand how Sdpl provides immunity to SDP. Additionally, current work
1s focused to identify the localization of these residues based on Sdpl

membrane topology.
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We also observed that amino acid substitutions at position R32 and
W43A in Yfhl; which are conserved between Sdpl and YfhL, showed
sensitivity towards SDP. This could be due to differences in protein levels or
that these residues are also important for SDP resistance. Finally, we
1dentified partial protection to SDP in the Clostridium difficile 630 ortholog
(SdplICditicile) We hypothesize that this ortholog as the Streptococcus mutans
(SdpISmutans) has not diverted in function completely. It could be that
SdplSmutans provides resistance to an unknown antimicrobial. However,
discovering a third Sdpl protein that confers some resistance to SDP
emphasizes the role of this protein family in immunity towards antimicrobial
peptides.

In summary, we have isolated Sdpl mutants which are impaired in
signal transduction and SdpR membrane sequestration specifically.
Moreover, we have identified two residues in Sdpl which weaken SDP-
immunity. The analogous residues in YfhL. may also be important for
protection against SDP. How these proteins can provide resistance to SDP

and if in a similar manner will need to be investigated in future studies.
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Strain Genotype Reference
*CDE311 thrC::Psaprr-lacZ mls sdpl-tet

*CDE310 thrC::Psaprr-lacZ mls sdpC: tet

*CDE318 thrC::Psaprr-lacZ mls sdpl-tet amykE::Prs-sdpl spec

*CDE331 thrC-:Psapri-lacZ mis sdpl ‘tet amyFE'Phs-sdpl5196T spec

*CDE332 thrC::Psapri-lacZ mls sdpl-‘tet amyFE' Phs-sdpl@126L spec

*CDE433 sigW:kan sdpABCIR tet

*CDE619 thrC::Pyyi-sdpR-gfp mls sdpl-tet

*CDE561 thrC::Psaprr-lacZ mls sdpABCI*kan

*CDE571 thrC::Psaprr-lacZ mls sdpABCI‘kan amykE::Pns-sdpl spec

*CDE578 thrC::Psaprr-lacZ mls sdpABCI*kan amyE::Pns-sdplF7sI spec

*CDEG620 thrC::Pyyi-sdpR-gfp mis sdpl-tet amyFE::Pus-sdpl spec

*EH404 thrC::Pyyi-sdpR-gfp mls sdpABCI tet

*EH394 thrC::Pxyi-sdpR-gfp mls sdpABCI tet amykFE::Prs-sdpl spec

*EH395 thrC::Pyi-sdpR-gfp mls sdpABCI‘tet amykE"Phs-sdpIf'8! spec

TPM522 thrC::Psgpri-lacZ mls sdpl-‘tet amyE" Pus-sdpIV234 spec This study
TPM524 thrC::Psgpri-lacZ mls sdpl ‘tet amyE Phs-sdpIF781@126L gspec This study
TPM553 thrC::Pyi-sdpR-gfp mlis sdpl-tet amyF: Pys-sdpIN1234 spec This study
TPM555 thrC::Pyi-sdpR-gfp mls sdpl-tet amyE::Pps-sdplF1574 spec This study
TPM561 thrC:Psaprr-lacZ mls sdpl:-tet amykE::Pys-sdpIF1374 spec This study
TPM566 thrC::Psaprr-lacZ mls sdpABCI ‘kan amyF::Pus-sdpIV1234 spec This study
TPM567 thrC::Psaprr-lacZ mls sdpABCI*kan amyFE::Pys-sdpIF1574 spec This study
TPM614 thrC::Psapri-lacZ mls sdpl:tet amyE::Prs-sdplG151E spec This study
TPM618 thrC::Pyyi-sdpR-gfp mls sdpl-tet amyF: Pus-sdplc151E spec This study
TPM619 thrC::Pyi-sdpR-gfp mls sdpl-tet amyF::Pys-sdpIM1254 spec This study
TPM639 thrC::Psgpri-lacZ mls sdpl-‘tet amyE- Pys-yfhL spec This study
TPM740 thrC::Psgpri-lacZ mls sdpl-‘tet amyE" Pus-sdpIM1254 spec This study
TPM1639 sigW-kan sdpABCIR:tet amykE: Pas-sdpl5156T spec This study
TPM1641 sigW-kan sdpABCIR:tet amykE:Pns-sdpIN!234 spec This study
TPM1642 sigWekan sdpABCIR tet amykE" Pus-sdpM1254 gspec This study
TPM1647 sigWekan sdpABCIR ‘tet amyE"Pus-yfhL spec This study
TPM1652 sigWekan sdpABCIR tet amykE"Pus-sdpIG151E spec This study
TPM1658 sigWekan sdpABCIR-tet amykE: Pns-sdpl?126L spec This study
TPM1660 sigWekan sdpABCIRtet amykE: Pus-sdpIf'7s! spec This study
TPM1673 sigWekan sdpABCIR-tet amykE: Pus-sdpIf1374 spec This study
TPM2080 thrC::Pyi-sdpR-gfp mlis sdpl-tet amyFE::Pys-sdplF78IQ126L spec This study
TPM1606 sigW-kan sdpABCIR:tet amyE:Pns-yfhLF524 spec This study
TPM1607 sigW-kan sdpABCIR:tet amyE:Pns-yfhLW434 spec This study
TPM2175 sigW-kan sdpABCIR: tet amyE:Pns-yfhlA%4 spec This study
TPM2177 sigW-kan sdpABCIR:tet amykE:Pas-sdpl5-mutans gpec This study
TPM2176 sigW-kan sdpABCIR:tet amykE: Pns-sdplC-dificile gpec This study
TPM2154 thrC::Pyyi-sdpR-gfp mls sdpABCI‘tet amykE': Phs-sdpl@126L gpec This study
TPM2155 thrC::Pyi-sdpR-gfp mls sdpABCI ‘tet amykE"Pns-sdpIf781@126L gpec  This study
TPM2156 thrC::Pyi-sdpR-gfp mls sdpl-tet amykE:: Prs-sdplF78! spec This study
TPM2153 thrC::Psapri-lacZ mls sdpl-tet amykE::Pys-sdpIF78 spec This study
TPM2152 thrC::Psaprr-lacZ mls sdpABCI tet amyE::Pys-sdpl@126L spec This study
TPM2151 thrC::Psgpri-lacZ mls sdpABCItet amykFE::Pys-sdplF78I€126L gpec This study
TPM2157 sigW-kan sdpABCIR:tet amykE: Pas-sdpF781@126L gpec This study
TPM2214 thrC::PsdpR-lacZ (mls) sdpl'tc sigW-kn myE:Phs-sdpl spec This study



Table 4. Continued4

93

TPM1640 sigW-ekan sdpABCIR tet amykE:Phs-sdpl Y1974 spec This study
TPM1645 sigW:kan sdpABCIRtet amykF:Phs-sdpIF394 spec This study
TPM1650 sigW:kan sdpABCIRtet amykF:Phs-sdpl51964 spec This study
TPM1651 sigW:kan sdpABCIRtet amykF:Phs-sdpIN1314 gspec This study
TPM1653 sigW:kan sdpABCIR:tet amykF:Phs-sdpIPE14414544 gpec This study
TPM1655 sigW-ekan sdpABCIR ‘tet amyE' Phs-sdpl&1?24 spec This study
TPM1656 sigWekan sdpABCIR tet amykE: Phs-sdpll14?4 spec This study
TPM1657 sigWekan sdpABCIR tet amykE:Phs-sdplT1414 spec This study
TPM534 sigWekan sdpABCIR tet amykE:Phs-sdpIV1404 spec This study
TPM2220 sigWekan sdpABCIR tet amykE':Phs-3xFlg-CBP-sdpl spec This study
TPM2217 sigWekan sdpABCIR‘tet amykE: Phs-3xFlg-CBP-sdpIf1374 spec  This study
TPM2246 sigW:kan sdpABCIR-tet amykFE::Phs-3xFlg-CBP-sdpl¢i51E spec  This study
TPM2222 sigW:kan sdpABCIR-tet amykF::Phs-3xFlg-CBP-yfhL spec This study
TPM2216 sigW:kan sdpABCIR-tet amykF::Phs-3xFlg-CBP-yfthL"#4 spec  This study

4 *(Ellermeier and others 2006a)
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SdpI Phenotype Localization

16T* Constitutive 1th TMa

150T* Constitutive 2th TM

F781* Constitutive 3th TM

M84T* Constitutive 3th TM

L855* Constitutive 3th TM

198K* Constitutive 3th TM

G122A Constitutive 4th TM

N123A Signaling Immunity* 4th TM

M125A Signaling Immunity* 4th TM

Q126L* Signaling” Immunity* 4th TM

F781 Q126L Signaling” Immunity* 3th TM and 4th TM

N131A WT CLP between 3th TM and 4th TM
R137A Signaling* Immunity- CL between 3th TM and 4th TM
N131A R137A Signaling® Immunity CL between 3th TM and 4th TM
P139A WT CL between 3th TM and 4th TM
W140A WT CL between 3th TM and 4th TM
PW139140AA WT CL between 3th TM and 4tk TM
T141A WT CL between 3th TM and 4th TM
L142A WT CL between 3th TM and 4th TM
TL141142AA WT CL between 3th TM and 4th TM
DE144145AA WT CL between 3th TM and 4t TM
W148A¢ Signaling Immunity- CL between 3th TM and 4th TM
G151E Signaling* Immunity- CL between 3th TM and 4th TM
S156T* Signaling” Immunity * 5th TM

S196A WT 6th TM

Y197A WT 6th TM

5 aTransmembrane domain, "Cytosol Loop, <This mutant was non-functional,*

(Ellermeier and others 2006a)
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Plasmid Name

Genotype

Source/Reference

pDR111 (Ben Yehuda and others
2003)

pDP150 (Kearns and others 2005)
pTP019 pDR111 Prs-sdpl@126L This study
pTP020 pDR111 Prs-sdplGi224 This study
pTP030 pDR111 Prs-sdpIViz34 This study
pTP036 pDR111 Prs-sdplF7si@126L This study
pTP033 pDR111 Prs-sdplE1374 This study
pTP0O50 pDR111 Prs-sdplGl51E This study
pTP168 pDR111 Prs-sdplC-difficile This study
pTP254 pEntrD yrhL This study
pTP255 pDR111 Pas-ythL This study
pTP256 pDR111 Pas-yrhlF524 This study
pTP257 pDR111 Pas-ythLW434 This study
pTP258 PDR111 Phs-yfhIA6E This study
pTP259 pEntrD sdp/S-mutans This study
pTP260 pEntrD sdplC. difficile650 This study
pTP262 pDR111 Prs-sdpls-mutans This study
pTP263 pPDR111 Prs-sdplC. difticile630 This study
pTP265 pDR111 Prs-3xFlag-CBP-sdplF1374A gpec amp  This study
pTP264 pDR111 Prs-3xFlag-CBP-sdplti51Egpec amp  This study
pCE418 pDR111 amyFE:Prs-3xFlag-CBP spec amp This study
pTP267 pDR111 Pas-3xFlag-CBP-ythlLW#4 spec amp  This study
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Table 7. Oligos used in Chapter ITI

Primer Use Sequence 5’ — 3’

Name

CDEP137  Cloning sdpl agtctcaagcttataaataaaggggataacga

CDEP138 Cloning sdpl actacagcatgccaagacactttttcaacgtgaa

CDEP297  sdplVizsA tggtatctttttaattattggtggagettetatgeagetageagaacaaaac

CDEP298  sdplVizsA gttttgttetgetagetgecatagaagetccaccaataattaaaaagatacca

CDEP384  sdplR1374 gaacaaaaccatcttattggattggegacaccttggacattaaaagatga

CDEP385  sdplf1374 gtcectcaatccaataagatgggettgttetgetagetgeatagaatt

CDEP496  sdpl@126L tattggtggaaattctatgetgetagecagaacaaaaccate

CDEP497  sdpl@126L gatggttttgttetgetagecagecatagaattteccaccaata

CDEP498  sdplf7si ttaactattaagtctacacaaaaaaataaagcattgcttatectagettetaat
aatatg

CDEP499  sdplf7s! catattattagaagctaggataagcaatgetttatttttttgtgtagacttaata
gttaa

CDEP1795 Cloning yfhL cacctaaggaggatgatgatatgacgggtttagte

CDEP595  Cloning yfhL aagcatgctgaagegtgattecgtteg

CDEP1759 yfhLFE524 caacagtgtgtacggatacgcaacgagacgctcaatgtea

CDEP1760 yfhLE324 tgacattgagcegtctcgttgegtatecgtacacactgttg

CDEP1761 yfhLW44 acgctcaatgtcagatcaaagattagcgaatgaagegaaccg

CDEP1762 yrhlW434 cggttegettecattegetaatetttgatetgacattgagegt

CDEP1796 Cloning sdpfs- mutans  cacctaaggaggaaatacgecatgatgaagattgat

CDEP598  Cloning sdpfS- mutans  gagcatgegttetgettttttattgtge

CDEP1797 Cloning sdplCdifficile  cacctaaggaggaaaagataatgaaaaaagegata

THE312 Cloning sdplCdificile  cttgcatgettagttatttttacctgaaattttatacate

CDEP1801 N-term fusion yfAL caccatgacgggtttagtcggegga

CDEP1802 N-term fusion sdp/ caccatgaagaaaaatataatttcc

Table 8. Competitive index of Sdpl vs Sdpl mutants

Strain /acZ Test strain Competitive P-val
(Relevant Genotype)  (Relevant Genotype) Index vaue
I I I
WT sdpl 0.04 0.01
WT sdpl amyFE:Phs-sdpl 1.51 1.00
WT sdpl amyFE'Phs-sdplF1374 0.31 0.02
I I I
WT sdpl amyFE:Phs-sdplG151E 0.11 0.01
I I I
WT sdpl amyE::Phs-sdplC.difficile 630 0.09 0.01
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Figure 12. Sdpl conserved residues in B. subtilis and Sdpl homologs.

Sdpl is a six transmembrane protein. An alignment of more than 50 Sdpl homologs
shows high conservation in residues located between the 4th and 5t transmembrane
domains of Sdpl (Bailey and others 1994). Weblogo of the conserved residues is
shown (arrows). Residues which were mutated in this study and (Ellermeier and
other, 2006) are color coded: constitutive (blue), signaling’ immunity* (green),

signaling* immunity” (red), and wild type phenotype (grey).
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Figure 13. Pegprr-lacZinduction and SDP-sensitivity screen.

All strains contain Psgprr-lacZ (thrC:Psapri-lacZ). Left panel: Colonies with lower
immunity towards SDP were streaked in DS agar containing 1 mM IPTG. Colony
streaks are: Sdpl (Asdpl) (CDE311), Sdpl* (Asdpl amyE:Pass-sdpF) (CDE318), SdpC
(AsdpC  amyFE:Pus-sdpF) (CDE317), and representatives of Sdpl signaling-
immunity* and Sdpl signaling* immunity-. Right panel: Colonies with decreased or
increased sdpRI expression were streaked in LB containing X-Gal and 1mM IPTG.
Colony streaks are: Sdpl' (Asdpl) (CDE311), Sdpl* (Asdpl amyE:Pus-sdpF)
(CDE318), SdpC (AsdpC amykE-Pis-sdpF) (CDE317), and representatives of Sdpl

signaling- immunity* and Sdpl signaling® immunity-.
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Figure 14. Several highly conserved residues within the cytosolic loop of Sdpl
have no effect on sdpRI expression.

(A) The relevant Sdpl phenotypes are indicated in the figure and all
strains contain PsgprrlacZ (thrC::Psgpri-lacZ?). The genotypes of the strains
are noted as: SdpI' (CDE311), SdpI* (CDE318), SdpI¢122A (TPM501), SdpIN131A
(TPM423), SdpIP139A (TPM363), SdpIWi40a (TPM523), SdpITi4lA (TPM502),
SdpIl142a (TPM424), SdpIPE1441454A (TPM428), SdpIS196a (TPM520), and
SdpIY197A (TPM521) mutant.

(B) SDP immunity is unaffected in these Sdpl mutants. All strains contained
AsigW AsdpABCIR and the genotypes of the strains with respect to Sdpl are
described above. Cultures were mixed in 0.7% LB agar containing IPTG and either
Sdpl" (SDP-sensitive; CDE433), Sdpl* (SDP-resistant; TPM758), SdplGi22a
(TPM1655), SdpIN131A (TPM1651), SdpIP139A (TPM1645), SdpIW1i40a (TPM534),
SdpIT41A  (TPM1657), SdpIl142A (TPM1656), SdpIPE1441458A (TPM1653),
SdpIS196A (TPM1650), and SdpIY197A (TPM1640) mutant. Cultures of SDP*

(TPM1476) were spotted and incubated at 37°C overnight.
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Figure 15. Sdpl signaling' immunity* mutants fail to function as a signal
transduction protein.

(A) B-galactosidase activity of SdpI mutants on expression of PsiprrlacZ. The
relevant Sdpl phenotypes are indicated in the figure and all strains contain Psqprr
lacZ (thrC::Psapri-lacZ?). The genotypes of the strains are noted as: Sdpl' (CDE311),
SdpI* (CDE318), SdpINi23A (TPM522), SdpIMi25A (TPM740), SdplQizL (CDE332),
SdpIsis6T (CDE331).

(B) SDP immunity is unaffected in Sdpl signaling’ immunity* mutants. All
strains contained AsigW AsdpABCIR and the genotypes of the strains with respect to
Sdpl are described above. Cultures were mixed in 0.7% LB agar containing IPTG
and either SdpI" (SDP-sensitive; CDE433), SdpI* (SDP-resistant; TPM758), SdpIN123A
(TPM1641), SdpIMi25A (TPM1642), SdplIQ:26L (TPM1658), SdpISis6T (TPM1639) cells.

SDP+ cultures (TPM1476) were spotted on lawns and incubated at 37°C overnight.
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Figure 16. SdpR-GFP cannot be sequestered by Sdpl signaling" immunity* mutants.
The relevant Sdpl phenotypes are indicated in the figure and all strains contain Pxy-
sdpR-gtp (thrC:PyrsdpR-gfp). The genotypes of the strains are noted as: Sdpl
(CDE619), SdpI* (CDE620), SdpINi23A (TPM553), SdpIMizsA (TPM619), SdplQizeL

(CDE622), SdpIs156T (TPM2150).
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Figure 17. Sdpl signaling” immunity* mutants can overcome an Sdpl constitutive
mutant.

(A) B-galactosidase activity of Sdpl signaling' immunity* mutants on
expression of PsqprrlacZ. The relevant Sdpl phenotypes are indicated in the figure
and all strains contain PsaprrlacZ (thrC::P.apri-lacZ?). The genotypes of the strains in

the presence of SDP* are noted as: Sdpl" (CDE311), SdpI* (CDE318), SdplIF7s!

(TPM2153), Sdpl@iz6L (CDE332), SdplFsiQizsl (TPM524). In the absence of SDP,

strains are noted as: SdpI' (CDE569), SdpI* (CDE571), SdplF™s! (CDE578), SdpIQ126L
(TPM2152), SdpIFsiQizel (TPM2151).

(B) SDP-resistance in SdpI¥FQi26LAll strains contained AsigW AsdpABCIR
and the genotypes of the strains with respect to Sdpl are described above. Cultures
were mixed in 0.7% LB agar containing IPTG and either Sdpl' (SDP-sensitive;
CDE433), Sdpl* (SDP-resistant; TPM758), Sdplfsl (TPM1660), SdplQi26L
(TPM1658), SdpIFsiQi26L (TPM2157) cells. Cultures of SDP* (TPM1476) were spotted

an incubated at 37°C overnight.
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Figure 18. SdpI¥781Q126L fails to sequester SdpR-GFP.
The relevant Sdpl phenotypes are indicated in the figure and all strains contain Pxy-

sdpR-gtp (thrC-:PyrsdpR-gfp). The genotypes of the strains in SDP* conditions are

noted as: SdpI' (CDE619), SdpI* (CDE620), SdpIF7st (TPM2156), SdpIQ:26L (CDE622),

SdpIF781Q126L (TPM2080). Under SDP- conditions strains are noted as: Sdpl (EH404),

SdpI* (EH394), SdpIF7sl (EH395), SdpIQ126L (TPM2154), SdplFrsiQizeL (TPM2155).
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Figure 19. Sdpl signaling* immunity mutants are SDP-sensitive.

(A) B-galactosidase activity of Sdpl signalingt* immunity’ mutants on
expression of PsqprrlacZ. The relevant Sdpl phenotypes are indicated in the figure
and all strains contain PsaprrlacZ (thrC::P.apri-lacZ?). The genotypes of the strains
are noted as: Sdpl" (CDE311), SdpI* (CDE318), SdpIki3"A (TPM561), SdplCGi5iE
(TPM614), and SdpIW14sA (TPM364).

(B) SDP zones of inhibition in Sdpl signaling* immunity mutants. All strains
contained AsigW AsdpABCIR and the genotypes of the strains with respect to Sdpl
are described above. Cultures were mixed in 0.7% LB agar containing IPTG and
either SdpI' (SDP-sensitive; CDE433), SdpI* (SDP-resistant; TPM758), SdpIR137a
(TPM1673), SdpI¢15E (TPM1652), and SdpIWi4sA (TPM1667) cells. Cultures of SDP*
(TPM1476) were spotted.

(C) SdpR-GFP cell localization in Sdpl signaling* immunity  mutants. The
relevant Sdpl phenotypes are indicated in the figure and all strains contain Pxy-
sdpR-gtp (thrC:PyisdpR-gfp). The genotypes of the strains are noted as: Sdpl
(CDE619), SdpI* (CDE620), SdpIR137A (TPM555), and SdpIG15E (TPM618).

(D) SdpIR137A and SdplCG5E are produced similarly to wild type Sdpl. All
strains contained AsigW AsdpABCIR and the genotypes of the strains with respect to
Sdpl are noted as: SdpI* (TPM2220), Sdpl- (TPM980), SdpIR137A (TPM2217), and

SdpIC15iE (TPM2246).
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Figure 20. SdpIR137A and SdpIN123A effect on sdpRI expression in the absence
of SDP.

The relevant Sdpl phenotypes are indicated in the figure and all strains
contain an sdpABCI deletion (sdpABCI:‘kan) and a PsgrrlacZ reporter
(thrC::Psgprr-lacZ?). The genotypes of the strains are noted as: Sdpl
(TPM565), SdpI* (CDE571), SdplF7sl (CDE578), SdpINi23A (TPM566), and
SdpIR137A (TPM567). WT (CDE304) was used as a positive control containing
SDP-.
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Figure 21. Amino acid sequence alignment of Sdpl ortholog YfhL in B. subtilis, and
the homologs in S. mutans UA195 and C. difficile 630.

Conserved loop is highlighted in bold letters and conserved residues in all sequences
are highlighted with an asterisk. Residues important for SDP protection are color

coded in red (Sievers and others 2011).



B,=ubtilis,sdpl
B.aubieilis.y[hL
C.difflcilagd0. sdpl
S.mutansUR1539. 16460

B.aubtilia,sdpl
B.aublcllia.yChl
C.difficllebd0.sdpl
S.mutansUR159.1646C

B.subtilis.sdpl
Bu.subitilis.yEhL
Chodifficileatid.=dpl
S.mutanalAlLSE. 1646:

B.subtilis,.sdpI
B,=ubitilis.yEhL
C.difficilefdl.sdpl
J.mutansalAlS9._ 16460
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Figure 22. SDP protection by Sdpl ortholog YfhL.and YfhL: mutants.

(A) All strains contained AsigW AsdpABCIR and the genotypes of the strains
are described above. Cultures were mixed in 0.7% LB agar containing IPTG and
either Sdpl' (SDP-sensitive; CDE433), Sdpl* (SDP-resistant; TPM758), YfhL
(TPM1647), YfhLRs2A (TPM1606), YfhLW4A (TPM1607), and YfhLA4E (TPM2175)
cells. SDP* cultures (TPM1476) were spotted and incubated overnight at 37°C.

(B) YfhLW43A and YfhL protein levels are similar. All strains contained AsigW
AsdpABCIR and the genotypes of the strains with respect to Sdpl are noted as:
YfhL+ (TPM2222), YfhL- (TPM980), and YfhLW43A (TPM2216).
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Figure 23. SDP peptide protection for Sdpl homologs SdplS-mutans and Sdpl¢-difficile jn
B. subtilis.

All strains contained AsigW AsdpABCIR and the genotypes of the strains are
described above. Cultures were mixed in 0.7% LB agar containing IPTG and either
SdpI' (SDP-sensitive; CDE433), SdpI* (SDP-resistant; TPM758), YfhL (TPM1647),
SdplSmutans  (TPM2155), and SdplCdificie (TPM2156) cells. Cultures of SDP*

(TPM1476) were spotted and incubated at 37°C overnight.
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CHAPTER 1IV. INITIAL CHARACTERIZATION OF SDPR SUPER
REPRESSORS AND THEIR ACTIVITY DURING CANNIBALISM
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Introduction

B. subtilis forms spores under conditions such as low nutrients.
Vegetative cells will activate the master regulator of sporulation SpoOA via a
phosphorelay cascade (Burbulys and others 1991; Hoch 1993) Sporulation is a
committed and irreversible process which initiates during asymmetric cell
division in B. subtilis (Parker and others 1996). It is not surprising then that
B. subtilis has escape routes to avoid committing to sporulate. Thus, cells
which have not yet committed to sporulation can activate and delay
sporulation via an alternative pathway known as cannibalism (Ellermeier
and others 2006a; Gonzalez-Pastor and others 2003). This process requires
activation of the master regulator of sporulation SpoOA. It has been shown
that this process is a stochastic event affected by cell-to-cell variation in the
levels of activated SpoOA (Fujita and others 2005; Chastanet and others
2010; Dubnau and others 2006). This is turn will generate only a fraction of
sporulating cells (SpoOA-ON) and a fraction of non-sporulating cells (SpoOA-
OFF).

Cannibalism in B. subtilis requires expression of two operons;
skfABCEFGH and sdpABCIR. From these, the toxic antimicrobial peptide
SDP is produced via a multi-step process which involves the sdpAB genes
(Chapter II). In the absence of the cannibalism toxic peptide SDP, expression
from the sdpRI operon is repressed by AbrB and SdpR (Fujita and others

2005). However, sporulating cells (SpoOA-ON) relieve sdpRI expression via
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SpoOA inhibition of AbrB. The sdpRI genes encode for the signaling and
immunity protein SdpI and its regulator SdpR (Ellermeier and others 2006a).
SdpR repression of sdpRIis another level of regulation that ensures sdpRI is
expressed only in the presence of SDP. The current model suggests that in
the absence of SDP, SdpR represses expression of sdpRI (Figure 24A)
(Ellermeier and others 2006a). But, once SDP is sensed via Sdpl, SdpR will
be sequestered to the membrane and allow sdpRI expression. However, SdpR
properties important for this sequestration to occur are unknown.

SdpR 1s a 90 amino acid protein which belongs to the ArsR/SmtB
family of negative regulators (Figure 24B). Some members of this family are
known to be de-repressed in the presence of metals (Busenlehner and others
2003). The predicted folding topology of SdpR is a conformation of four a-
helices, one B-strand and a C-terminal a-helix. SdpR contains a dimerization
domain and DNA-binding domain at its N-terminal sequence. SdpR binds as
a dimer to a four direct repeats in its own promoter (Ellermeier and others
2006a). The predicted helix-turn-helix DNA binding sequence is localized
between residues 25-46 (a-helix 3 and 4) (Dodd and others 1990). Although
the ArsR/SmtB family contains a metal binding site motif (CxC/G) in the a-5
helix, these metal binding determinants are absent in SdpR (Figure 24B).

In this chapter, we isolated SdpR mutants which decreased sdpRIl
expression in the presence of SDP and Sdpl, termed SdpR super repressor.

These SdpR super repressors have a dominant effect in the presence of a wild
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type SdpR. Residues in SdpR found are localized in the predicted a-5 helix of
SdpR (Marchler Bauer and others 2013). Current studies are focused to
determining if the SdpR super repressors inability to relieve sdpRI

expression is due to altered membrane localization in the presence of SDP.

Materials and Methods

Media and Strains

All strains used in chapter four are isogenic derivatives of PY79, a
prototrophic derivative of B. subtilis strain 168, and are listed in Table 8
(Youngman and others 1984). B. subtilis strains were grown in Luria-
Bertani (LB) or Difco sporulation broth medium (DSM) at 37°C. Overnight
cultures were grown at 30°. Antibiotics were used at the following
concentrations: kanamycin (10 and 50 pg/ml), erythromycin plus lincomycin,
(1 pg/ml and 25 pg/ml respectively), chloramphenicol (20 pg/ml),
spectinomycin (50 pug/ml), tetracycline (10 pg/ml) and ampicillin (100 pg/ml).
The B-galactosidase chromogenic indicator 5-bromo-4-chloro-3-indolyl B-D-
galactopyranoside (X-Gal) was used at a concentration 100 pg/ml and
Isopropyl B-D-1-thiogalactopyranoside (IPTG) was used at a final
concentration of 1 mM. Bacterial strains were constructed by transformation

of plasmid DNA into B. subtilis competent cells prepared by the one-step
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method as done previously (Wilson and others 1968). Bacterial strains are

listed in Table 9.

Plasmid Construction
All oligonucleotides and plasmids used in this study are listed in Table
10 and 11. The native-inducible PsgprrsdpR integrated at thrC was
constructed by PCR amplifying sdpR from B. subtilis using oligonucleotides
CDEP201 and CDEP1444. The resulting PCR product was digested with
EcoRI and BamHI and cloned into pDG1664 digested with the same enzymes
to create pTP209. The sequence of the resulting plasmids were confirmed by

sequencing and transformed into B. subtilis strain PY79.

SdpR chemical mutagenesis

Chemical mutagenesis of sdpR was performed using a plasmid
containing sdpk (pTP209) under the control of its native promoter
(thrC::Psgprr-sdpR). Plasmid preparations from TPM1939 followed the
protocol described for Invitrogen Plasmid preparation kit. Plasmid preps
were subjected to either Hydroxylamine Mutagenesis or EMS mutagenesis.
Briefly, 40 pl of concentrated plasmid was added to a mixture of 1M
Hydroxylamine (1M KPO4 pH 6.0 and 0.5 M EDTA) or a mixture of EMS
(1xPBS). sdpR plasmid mixtures were incubated at 65°C and 37°C,

respectively, for 1 hour. Mutated sdpR were PCR purified and transformed
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into B. subtilis PY79 containing a Psapri-/acZ reporter at the pyrD locus
(pyrD::Psgprr-lacZ), IPTG-inducible sdpl at the amyFE locus (amykE-:Phs-sdpl)
and a sdpRI deletion. Transformations were plated in LLB plates containing
100 pg/ml of X-Gal, 1 mM IPTG, and grown at 37°C for 16 hrs. Colonies with
decreased sdpRI expression where selected for sequencing using primer pairs

CDEP426, CDEP427, and CDEP201.

Results

Isolation of SdpR super repressors

SdpR represses expression of sdpRIin the absence of SDP (Ellermeier
and others 2006a). In the presence of SDP, the immunity protein Sdpl
sequesters SdpR to the membrane to alleviate repression (Ellermeier and
others 2006a). However, it is not known how this sequestration step occurs.
Thus, we sought to isolate SdpR mutants that repressed sdpRI expression
even in the presence of SDP. A plasmid containing sdpR under the control of
its native promoter was mutagenized and transformed into a Psdprr-lacZ
reporter strain. SdpR mutants with decreased sdpFRl expression were
selected. We isolated three independent SdpR mutants, SdpRT69,
SdpRT7I and SdpRS75P from approximately 3,000 colonies screened.

Since sdpl expression is repressed by SdpR we constructed strains in

which expression of sdpl was independent of SdpR. We introduced these



127

SdpR mutants into an sdpRI deletion strain containing a Psgprr-lacZ and an
IPTG-inducible sdpl. As observed in figure 25, cells expressing sdpR* in the
absence of Sdpl, have decreased Psqprr-lacZ activity. In contrast, Psgpri-lacZ is
de-repressed in cells producing wild type SdpR, SDP, and Sdpl as observed
previously (Ellermeier and others 2006a) (Figure 25). When cells are
producing the SdpRT6%, SdpRT70I or SdpRS7P super repressors in the
presence of Sdpl and SDP, expression of Psgprr-lacZ is 5-fold lower than cells
producing SdpR*. Similarly, cells expressing sdpR76%., sdpRT7L or sdpRS575F in
the absence of Sdpl have decreased PsgprrlacZ activity (Figure 25). These
results suggest that the SdpR mutants can repress sdpRI expression in the

presence of Sdpl and SDP.

Discussion

The role of SdpR super repressors
during signal response to SDP
We have identified several SdpR mutants that function as super
repressors as they repress expression of sdpRI even in the presence of the
cannibalism peptide SDP. Based on the predicted topology of SdpR, these
SdpR residues are located within a predicted a-helix near the C-terminus of
SdpR. Earlier work demonstrated that in the presence of SDP, an SdpR-GFP

fusion protein can be localized to the membrane by Sdpl (Ellermeier and
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others 2006a). We hypothesize that the SdpR super repressors SdpRT6I
SdpRT7I and SdpRS75P cannot be sequestered to the membrane by Sdpl even
in the presence of SDP. Current studies will confirm this hypothesis using C-
terminal SdpR-GFP fusions for the SdpR super repressors SdpRT69 SdpRT70I
and SdpRS75P in the presence of Sdpl and SDP.

A loss of SdpR membrane sequestration could be due to various
factors. One simple interpretation is that we have increased the affinity of
these super repressors to DNA. This would be then interpreted in the cell as
an inability to be sequestered in the presence of SDP. Since previous work
has established SdpR can bind its own promoter sequence (Ellermeier and
others 2006a), we will compare the affinity of wild type SdpR and SdpR super
repressor for the sdpR promoter region using EMSA assays.

Another possibility would be that failure to sequester SdpR is due to a
block in a direct interaction with Sdpl. It has always been unclear if Sdpl
directly interacts with SdpR by recruiting it to the membrane. Several
attempts had been made to demonstrate biochemically an interaction
between SdpR and Sdpl with no success. Future studies are now focused on
identifying Sdpl suppressors to the SdpR super-repressors. These Sdpl
suppressors would potentially overcome the SdpR super repressors and allow

for de-repression of sdpRI expression.
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Table 9. Strains used in Chapter IV

Strain Genotype

TPM1941 pyrD:Psgprr-lacZ kan sdpRI ‘tet amyE:Pys-sdpl spec

TPM1942 pyrD:Psqprr-lacZ kan sdpRI-tet thrC-Psqprr-sdpR mlis

TPM1943 pyrD:Psgprr-lacZ kan sdpRI‘tet amyF:Prs-sdpl spec thrC:Psaprr-sdpR mls
TPM1944 pyrD:Psgprr-lacZ kan sdpRI ‘tet amyFE-Prs-sdpl spec thrC:Psaprr-sdp R mlis
TPM1945 pyrD:Psgprr-lacZ kan sdpRI ‘tet amyFE-Prs-sdpl spec thrC:Psaprr-sdpRT71 mlis
TPM1958 pyrD:Psgpri-lacZ kan sdpRI ‘tet thrC:Psqpri-sdpRT6% mls

TPM1960 pyrDPsgpri-lacZ kan sdpRI:tet thrC:Psqprir-sdpRT70 mlis

TPM1674 pyrD:Psgpri-lacZ kan sdpRI‘tet amyF:Prs-sdpl spec thrC:Psaprr-sdpR57F mls
TPM1676 pyrD:Psgprr-lacZ kan sdpRI:tet thrC-Psqprr-sdpRS7F mls

TPM519 pyrDPsgpri-lacZ kan thrC:Psiprr-sdpR57F mlis

TPM508 pyrD:Psgpri-lacZ kan thrC:Psaprr-sdpRT69I mlis

TPM513 pyrD:Psgpri-lacZ kan thrC:Psaprr-sdpRT70! mlis

TPM847 pyrD:Psprr-lacZ kan

TPM1938 pyrD-Psqpri-lacZ kan thrC-Psaprr-sdpR mlis
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Table 10. Primers used in Chapter IV

Primer Name Use Sequence 5’ — 3’

CDEP426 Sequence thrC actcagtcaa cccttaccge

CDEP427 Sequence thrC cttatttccataactttagg

CDEP201 Clone Psaprr aaaagcttggacatcatcgtcagaggatcaa
CDEP1444 Clone sdpR aaggatcctcataaatcgttatecce

Table 11. Plasmids used in Chapter IV

Plasmid Name Genotype Reference

pDG1664 thrC: mls amp

pTP209 thrC-:Psaprr-sdpR mls amp This study

pDR111 amyFE:Prs- spec amp (Ben Yehuda and others 2003)

pCE129 amykl: Prs-sdpl spec amp (Ellermeier and others 2006a)
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Figure 24. SdpR topology and model for membrane sequestration via Sdpl.

(A) SdpR is suggested to be sequestered by Sdpl in the presence of
SDP (Ellermeier and others 2006a). Mutated residues in the fifth a-helix of
SdpR inhibit sdpRI expression and possibly SdpR membrane sequestration
via Sdpl.

(B) SdpR is a 90 amino acid protein with an N-terminal HTH domain
(a-helix 3 and 4) (Dodd and others 1990) and a C-terminal predicted metal
binding site (a-helix 5) (Marchler Bauer and others 2013). SdpR isolated

residues with defects in sdpRI expression are underlined.
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Figure 25. SdpR super repressors decrease sdpRI expression in the presence
or absence of Sdpl.

SdpR super repressors on expression of PsqprrlacZ. The SdpR phenotypes are
indicated in the figure and all strains contain PsqprrlacZ (pyrD:-Psgprir-lacZ?).
The genotypes of the strains are noted as: SdpI'SdpR+* (TPM1936),
SdpI*SdpR*  (TPM1943), SdpI*SdpRT6I  (TPM1944), SdpI*SdpRT70!
(TPM1945), SdpI*SdpRS7F (TPM1674), SdpI'SdpRTé! (TPM1958), Sdpl

SdpRT70I (TPM1960), and SdpI"SdpRS7F (TPM1676).
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CHAPTER V. DISCUSSION AND FUTURE DIRECTIONS
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SDP production overview

The studies described here were carried out to further our knowledge
in B. subtilis production of and response to the 42 amino acid peptide SDP
during cannibalism. The production of SDP requires multiple steps including
processing of the signal peptide, disulfide bond formation of Sdp(C33203 and
two additional proteolytic cleavage events. SdpA and SdpB are absolutely
required for production of mature SDP. However, the mechanism by which

these proteins function remains unknown.

Role of secretion and disulfide bond

proteins in generation of SDP

The first step in production of SDP is secretion of pro-sdpC by the
general secretory system. pro-SdpC interacts with the essential secretion
chaperone CsaA, which is thought to facilitate secretion via the general
secretory pathway (Linde and others 2003b). Once secreted, the signal
peptide is cleaved by the major signal peptidases in B. subtilis, SipS and SipT
(Linde and others 2003a). We have shown that blocking signal peptide
cleavage blocks SDP production.

After signal peptide cleavage, we hypothesize disulfide bonds are
formed between residues C141 and C147 of Sdp(C33203, The absence of SdpA
and SdpB did not alter Sdp(C33203 disulfide bond formation; but SdpAB are

essential to create SDP (Figures 9 and 10). We hypothesize that the Bdb
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disulfide bond isomerase proteins in B. subtilis may play a role in disulfide
bond formation of SDP. B. subtilis contains four Bdb proteins, BdbABCD.
BdbB and BdbC are important for disulfide bond formation in another
antimicrobial peptide in B. subtilis; Sublancin (Dorenbos and others 2002).
A most likely scenario is that B. subtilis utilizes these proteins for disulfide
bond formation in more than one antimicrobial peptide. To determine if BdbB
and or BdbC are required for Sdp(C33-203 disulfide bond formation we can
compare the mobility of SdpC by immunoblot analysis in wild type and

bdbBC mutant cells.

Role of SdpA and SdpB in generation of SDP

SDP is a 43 amino acid protein which corresponds to amino acids 141-
181 of the 203 amino acid protein SdpC. After signal peptide cleavage,
SdpC33-203 must undergo two proteolytic events to produce SDP; one
between residues S140 and C141 and the other between S182 and S183 of
SdpC33-203 (Liu and others 2010). We presented evidence that SdpA and SdpB
are required for production of SDP (Chapter II). We concluded that other
processes such as secretion and disulfide bond formation did not require
SdpAB. Yet, our work could not address whether SdpAB function as
proteases.

One hypothesis is that SdpAB are the proteases involved in the

cleavage of Sdp(C33203 to SDP. During our studies we performed localized
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mutagenesis of an sdpAB plasmid to isolate mutations which affected
processing of Sdp(C33203 into SDP. The mutated plasmid was then
transformed in a Psgprr-lacZ reporter strain to detect differences in
expression. Several outcomes were expected; 1) a decrease of sdpRI
expression due to loss of SdpAB protein function, 2) a decrease due to a
residue important for SApAB interaction or 3) a decrease due to changes in
SDP final peptide structure.

From this screen, we were unable to isolate SdpA mutants which
altered sdpRI expression. However, we isolated several SdpB mutants which
contained serine and aspartate residue substitutions to asparagine (S40N,
D42N, and S46N). All isolates had two or more asparagine substitutions.
These SdpB residues are predicted to be within the first transmembrane
domain and the first predicted cytosolic loop of SdpB. Our first interest was
to determine if there were differences in processing of Sdp(C33203 into SDP.
We were unable to detect any changes in SdpC size or amounts of SdpC
precursor using immunoblot analysis with anti SdpC antibodies. It is possible
that: a) changes in SdpC33-203 do not alter SdpC size but processed SDP and
thus would not be detected via immunoblot analysis, b) the SdpB mutant is
independent of SDP production and likely an interaction with SdpA, or c) the
SdpB mutant is unstable or non-functional .

From these outcomes the next step would be to determine if the

mutation decreased SdpB protein expression. If there is a decrease in SdpB
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protein, this would likely affect how much SDP is produced. To address this
hypothesis, N-terminal or C-terminal tags can be fused to SdpB and protein
levels can be examined via immunoblot analysis. If SdpB protein levels are
unaffected, then we could hypothesize that these SdpB mutants cause a
defect in protein interactions.

SdpAB have similar phenotypes when each is deleted (Chapter II). The
SDP peptide cannot be detected in the absence of either SdpA or SdpB
(Figures 7 and 9). One hypothesis is that SdpAB interact during SDP
production. To determine if there is an interaction between SdpA and SdpB, a
yeast two hybrid assay could be performed with SdpA and different cytosolic
sections of SdpB. We would expect that; a) a direct interaction between SdpA
and SdpB is occurring or b) that no SdpAB interaction is observed. Providing
an answer to how SdpAB work to generate SDP is a step to explaining their
mechanism of action.

Lastly, we had also expected that these SdpB mutants might make
changes in SDP that we could not detect via immunoblot analysis. In the
past, we have used mass spectrometry analysis to detect the presence or
absence of SDP. Therefore, to determine if there are differences in generated
SDP, strains containing SdpB mutants could be analyzed via mass
spectrometry. If we find differences in SDP it would suggest these residues in

SdpB are important for its function.



140

SDP response via Sdpl overview

In Chapter III we identified Sdpl residues required for either signal
transduction or SDP immunity. This work provided evidence that in response
to SDP, Sdpl has two separable functions. Sdpl residues which affected SdpR
membrane sequestration were found in the 4t and 5th transmembrane
domains of Sdpl (Sdpl signaling” immunity*). We hypothesize these Sdpl
signaling- immunityt mutants function downstream of the signaling
detection activity of Sdpl since the signaling- activity was dominant to Sdpl
constitutive mutants (Figures 17 and 18).

In this work we also identified Sdpl residues required for SDP
resistance (Sdpl signaling* immunity-). Sdpl signaling* immunity- mutants
were located within the predicted cytosolic loop flanking the 4th and 5th
transmembrane domains of Sdpl. Although we know these Sdpl mutants are
defective in resistance to SDP, the molecular mechanism by which Sdpl
provides SDP resistance is unknown. Due to the nature of our genetic
studies, we cannot discard the possibility that other regions of Sdpl may be

important for signaling or immunity.

SdpR membrane sequestration by Sdpl

Sdpl can sequester SdpR in an SDP-dependent manner. We isolated
Sdpl mutants which result in a constitutively active Sdpl and mutants which

result in Sdpl signaling- phenotype. We speculate that the Sdpl constitutive
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mutant causes Sdpl to take a conformation that promotes sequestration of
SdpR but do not necessarily directly affect residues important for interaction
with SdpR. We hypothesize that Sdpl signaling- mutants are directly or
indirectly affected for SdpR sequestration due to inability to interact with
SdpR. This idea was supported by an Sdpl constitutive signaling- mutant
(SdpIF781Q126L) that was unable to sequester SdpR to the membrane under
SDP+ conditions (Chapter III and Figure 17). Thus, we hypothesize that an
interaction between Sdpl and SdpR is occurring.

We attempted to identify a direct interaction of Sdpl with SdpR using
co-purification experiments. We expressed an Sdpl constitutive mutant
SdpIF78l in cells producing SdpR. This allowed us to bypass the requirement
for SDP. Co-purification experiments were performed using N-terminal His
tagged versions of SdpR or Sdpl in B. subtilis, though the results were
mconclusive. One alternative we could explore is to test SdpR and Sdpl
interaction using a bacterial two hybrid assay. We would expect two
outcomes; one being SdpR interacts with Sdpl or an alternative model, were
no interaction is detected. The latter would be probable if there are other

unknown factors involved in the sequestration of SdpR.

SDP mediated immunity by Sdpl

One of the most interesting classes of Sdpl mutants we isolated were

those defective in SDP immunity. But how is Sdpl providing immunity? One
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simple interpretation is that Sdpl directly binds SDP to inhibit it from
disrupting the cell membrane. This would suggest an irreversible protein-
protein interaction. Cross-linking experiments using labeled SDP in the
presence and absence of Sdpl would be a beginning to address this important
question. One way to carry out this experiment would be to use liposomes
instead of B. subtilis.

Another idea would be that Sdpl does not directly bind SDP but works
indirectly to inhibit toxin activity. Then, what could Sdpl be preventing?
SDP is a very hydrophobic protein, therefore Sdpl could be: a) repelling SDP
away from the membrane or b) contain an enzymatic activity such as a
protease which would cleave and render SDP non functional. Our current
data cannot suggest one way or another, thus, a future focus in this project is

to define a mechanism of Sdpl direct or indirect interaction with SDP.

Sdpl topology

The predicted Sdpl protein membrane topology localizes the loop
between the 4th and 5th transmembrane domains of Sdpl in the cytosol. The
signaling* immunity- mutants SdplI!37A and SdpGl5lE jsolated in this study
are localized within this predicted cytosolic loop. We had hypothesized that
the amino acids in this region could be important for a direct interaction
between Sdpl and SDP. Thus, we would predict these residues should be

localized outside of the cell. To ease the conflict between our data and protein
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model predictions we have constructed several sdp/-phoA fusions (SdpI1-30,
SdpIt 70, Sdpl1102, Sdplt135 Sdpll150, Sdplt 175, and Sdpl!200) to determine
the extracellular or intracellular localization of each Sdpl transmembrane
region.

The simplest outcome is that this loop is located extracellularly
suggesting a possible protein interaction with SDP. In agreement with this
outcome both the N-terminal and C-terminal portions of Sdpl would be
localized outside of the cell. An alternative outcome is that the model
predictions remain true were N-terminal and C-terminal portions are
cytosolic. This would also include cytosolic localization of the loop. Thus, this

would suggest Sdpl mediates SDP protection indirectly.

Characterization of SdpR super repressors

The isolation of SdpR mutants which inhibit sdpRI expression even in
the presence of SDP is an initial attempt to understand the mechanism of
SdpR membrane sequestration by Sdpl during cannibalism. We isolated
three SdpR mutants (SdpRT69T, SdpRT70! and SdpRS75P) which inhibited sdpRI
expression. How these SdpR super repressors are affecting sdpRI expression
1s unclear. We hypothesize that SdpR super repressors are unable to be
sequestered to the membrane by Sdpl or have an increase in DNA binding.

In the immediate future we will determine if these SdpR super

repressors are defective in membrane localization using SdpR-GFP fusions in
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the presence of SdpI (Ellermeier and others 2006a).We expect that the SdpR
super repressors will be defective in membrane sequestration even in the
presence of SDP. If we find that SdpR super repressors show cytosolic
localization it may be due to either: an inability to interact with factors
responsible for membrane recruitment or an increased affinity for DNA. Thus
the next step will be to determine the affinity of the SdpR super-repressors
for DNA using EMSA.

We have already constructed N-terminal His tagged SdpR, SdpRTé9,
SdpRT7™I and SdpRS75P fusions which we can successfully purify except for
SdpRS75P, There are two expected outcomes from this experiment. First, we
may find that the super repressors have an increased affinity for DNA
compared to wild type SdpR. This would suggest these mutants have altered
SdpR membrane sequestration due to a higher affinity for DNA binding.

A second outcome would be that we see no differences in DNA binding.
This would be the most interesting class of super-repressors since it would
suggest that SdpR membrane sequestration is specifically altered in these
mutants. This would likely be due to an inability to interact with a protein(s)
required for membrane sequestration; which we hypothesize is Sdpl. The
super-repressor mutants could then be used to screen for Sdpl suppressors
which restore sdpRI expression and SdpR membrane sequestration in the

presence of SDP.
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Summary

Cannibalism is a unique mechanism by which cells opt for survival of a
subset of the population by sacrificing a portion of their genetically identical
siblings. The work described here provides better understanding of how B.
subtilis mediates production of SDP and its subsequent response/immunity
using a novel signal transduction system only recently found in bacteria.
Additional studies of cannibalistic behavior in bacteria would provide a better
understanding of the cell-cell signaling response mechanisms as well as

provide a niche for new antimicrobials to be discovered.
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