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ABSTRACT

Penicillin-binding proteins (PBPs) are required in the synthesis of the cell wall of
bacteria. In Bacillus subtilis, PBPs play important roles in the life cycle, including both
vegetative growth and sporulation, and contribute to the formation of the different
structures of vegetative cell wall and spore cortex. The B. subtilis genome sequencing
project revealed there were two uncharacterized genes, ykud and yrrR, with extensive
sequence similarity to class B PBPs. These two genes are renamed and referred to
henceforth as pbpH and pbpl, respectively.

A sequence alignment of the predicted product of pbpH against the microbial
protein database demonstrated that the most similar protein in B. subtilis is PBP2A and in
E. coli is PBP2. This suggested that PbpH belongs to a group of the genes required for
maintaining the rod shape of the cell. Study of a pbpH-lacZ fusion showed that pbpH was
expressed weakly during vegetative growth and the expression reached the highest level
at the transition from exponential phase to stationary phase. The combination of a pbpA
deletion and the pbpH deletion was lethal and double mutant strains lacking pbpH and
pbpC or pbpl (also named yrrR) were viable. The viable mutants were indistinguishable

from the wild-type except that the vegetative PG of the pbpC pbpH strain had a slightly



slightly lower amount of disaccharide tetrapeptide with 1 amidation and higher amount of
disaccharide tripeptide tetrapeptide with 2 amidations when compared to others strains.
This suggests that PbpC (PBP3) is involved in vegetative PG synthesis but only affects
the PG structure with a very low efficiency.

A pbpA pbpH double mutant containing a xylose-regulated pbpH gene inserted
into the chromosome at the amyE locus was constructed. Depletion of PbpH resulted in
an arrest in cell growth and a dramatic morphological change in both vegetative cells and
outgrowing spores. Vegetative cells lacking pbpA4 and pbpH expression swelled and cell
elongation was arrested, leading to the formation of pleiomorphic spherical cells and
eventual lysis. In these cells, cell septations were randomly localized, cell walls and septa
were thicker than those seen in wild type cells, and the average cell width and volume
were larger than those of cells expressing pbpA or pbpH. The vegetative PG had an
increased abundance of one unidentified muropeptide. Spores produced by the pbpA
pbpH double mutant were able to initiate germination but the transition of the oval-
shaped spores to rod-shape cells was blocked. The outgrowing cells were spherical,
gradually enlarged, and eventually lysed. Outgrowth of these spores in the presence of
xylose led to the formation of helical cells. Thus, PbpH is apparently required for
maintenance of cell shape, specifically for cell elongation. PbpH and PBP2a play a
redundant role homologous to that of PBP2 in E. coli.

A sequence alignment of the predicted product of pbpl against the microbial
protein database demonstrated that the most similar protein in B. subtilis is SpoVD and in
E. coli is PBP3. This suggested that Pbpl belongs to the group of the genes required for

synthesis of the spore or septum PG. Pbpl was identified using radio-labeled penicillin
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and found to run underneath PBP4 on SDS-PAGE. Pbpl is therefore renamed PBP4b.
Study of a pbpl-lacZ fusion showed that pbpl was expressed predominantly during early
sporulation. A putative sigma F recognition site is present in the region upstream of pbpl
and studies using mutant strains lacking sporulation-specific sigma factors demonstrated
that the expression of pbpl is mainly dependent on sigma factor F. A pbpl single mutant,
a pbpl pbpG double mutant, and a pbpl pbpF double mutant were indistinguishable from
the wild-type. The sporulation defect of a pbpl pbpF pbpG triple mutant was
indistinguishable from that of a pbpF' pbpG double mutant. Structure parameters of the
forespore PG in a pbpl spoVD strain are similar to that of a spoVD strain. These results

indicate that PBP4b plays an unknown redundant role.
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CHAPTER ONE

REVIEW OF THE LITERATURE

Introduction

Most bacteria have a rigid cell wall, whose indispensable function is providing
support for the maintenance of bacterial morphology, protection of the integrity of the
cell membrane, and resistance to the turgor pressure (27, 33). The main component of the
bacteria cell wall is peptidoglycan (PG), which is a net-like macromolecule of glycan
strands cross-linked by peptides. The glycan strands are made up of alternating N-
acetylglucosamine (NAG) and N-acetylmuramic acid (NAM) residues. The carboxyl
groups of NAM residues are linked to short peptides. The formation of this PG involves
two steps (Reviewed in 19). The first step is the synthesis of the PG subunit in the
cytoplasm, the disaccharide pentapeptide. In many organisms, including Bacillus subtilis
and Escherichia coli, the pentapeptide is L-Ala¥aD-Glu¥ L-meso-diaminopimelic
acid¥a D-Ala¥aD-Ala. The transport of the subunit through the membrane is mediated by
attachment to 55-carbon isoprenoid lipid. The second step is the polymerization, which
includes the elongation of the glycan strands and the cross-linking of the peptide side
chains. This step happens on the outer surface of the membrane and requires two enzyme
activities, glycosyl transferase and transpeptidase. Glycosyl transferases connect the
disaccharide units together by the b-1,4-glycosidic linkage to form glycan strands.
Transpeptidases carry out the function of cross-linking by removing the terminal D-Ala
from the side chain of the donor glycan strand and linking the penultimate D-Ala to the
free amino group of the diaminopimelic acid in the side chain of the acceptor glycan

strand or to a bridge peptide which links to the peptide side chain of the acceptor glycan



strand (3). The maturation of the structure and some regulation of the level of cross-
linking are carried out by D, D-carboxypeptidases (49) which remove the terminal D-Ala
from the pentapeptide side chains and inhibit the cross-linking.

A family of enzymes known as the penicillin-binding proteins (PBPs) is required
in the assembly and metabolism of bacterial cell wall PG. Most of these proteins are
membrane-bound with their active sites available on the outer surface of the membrane.
Based on their structure, function, and similarities in peptide sequence, they are classified
as multimodular class A or B high molecular-weight (MW) PBPs or monofunctional low
molecular-weight PBPs (49). Most of the low MW PBPs (Fig. 1) (MW £ 55 KDa) have
D, D-carboxypeptidase activity, whereas most high MW PBPs (generally 2 60kDa) (46)
are transpeptidases (70); activities that are carried out by the C-terminal penicillin-
binding domains. Class A PBPs are bifunctional proteins. Besides the transpeptidase
activity in the C-terminal penicillin-binding domain, they possess an N-terminal glycosyl
transferase domain. The N-terminal domain of the class B PBPs is believed to be a
morphogenetic determinant (20), but the specific activity is unknown. A common feature
of both high MW PBPs and low MW PBPs is they all have a penicillin-binding domain
that interacts with b-lactam antibiotics, including penicillin, by covalent binding of these
antibiotics to their active-site serine residues. The modified enzymes are inactive and
deprived of their essential functions. All bacteria except those without PG synthesis
possess multiple PBPs. Multiple PBPs of the same class within a species often exhibit
redundant function (53, 54).

B. subtilis is the most well-studied Gram positive bacterium that undergoes

sporulation, which is the process of producing an endospore, in a nutrient deprived



environment. When the environmental conditions become favorable the spore can resume
vegetative growth by germination. The PG structure of the spore cell wall (spore cortex)
is different from that of the vegetative cell wall on the level of cross-linking and the
peptide side chains of NAM (reviewed in (19). The PBPs of B. subtilis are involved in the
synthesis of both the vegetative cell wall and the spore cortex.

Research about PBPs of B. subtilis dates back to the 1970s (22). In the 1990s a
great deal of progress was made. This progress was stimulated further after the entire
genome sequence of this organism was published in 1997 (30). Analysis of the B. subtilis
genome reveals 16 PBP-encoding genes recognizable from sequence similarities. These
include 4 class A PBP-encoding genes: ponAd (9, 50), pbpF (29, 51), pbpD (9, 53) and
pbpG (also called ywhE) (30, 36, 45), 6 class B PBP-encoding genes: pbpA4 (29, 41),
pbpB (29, 41, 70), pbpC (8, 9, 42), spoVD (13, 14), ykuA (30) and yrrR (30), and 6 low
MW PBP-encoding genes: pbpX (30), pbpE (51, 58, 64), dacA (8, 9, 65), dacB (11, 12,
49, 58, 64) dacC (30, 44), dacF (46, 69). By cloning, mutagenesis, and construction of
lacZ fusions, thirteen of these genes have been studied extensively whereas genes pbpX,
vkuA and yrrR have not. The putative gene product of pbpX displays high sequence
homology to low MW PBPs. The putative gene products of ykuAd and yrrR are similar to
high MW class B PBPs. The studies presented here concern ykuA, yrrR, and their gene
products.

B. subtilis vegetative growth and cell wall structure

B. subtilis vegetative cells are rod-shaped and they grow by elongation in their

long axis (17). Cell length is dependent on the growth rate. In general faster growing cells

are longer than the slow growers. Cell division occurs at the midpoint of the rod,



generally after a doubling in length. Right after cell division the new wall material
between the nascent sister cells holds the cells together. Later, hydrolysis of the septal PG
separates the two cells and the new poles of the cells complete their maturation. The
hydrolysis is influenced by the growth medium and growth phase. Under exponential
growth conditions in a rich medium, long chains of unseparated cells can accumulate. In
the vegetative cell wall, the peptide side chains of the PG are mainly tripeptides and the
cross-linking level is between 29-33% of muramic acid residues (4, 19)
Sporulation, sporulation related sigma factors and spore cell wall (cortex) structure
As an adaptive response to starvation, some gram-positive bacteria, including B.
subtilis, will undergo a complex survival mechanism called sporulation. The sporulation
process of B. subtilis takes about 8 hours and has been described as a series of stages (Fig
2) (Reviewed in (16)). Vegetative cells are defined as being at stage 0. Under starvation,
vegetative cells initiate sporulation which is characterized by the formation of an axial
filament of DNA at the centers of cells. This is defined as stage I. Next, a septum is
formed at an extreme polar position and lead to the partitioning of the cell into large and
small compartments known as the mother cell and the prespore. Completion of the
septation is defined as stage II. The prespore is then engulfed by the mother cell. When
engulfment is completed (stage III), the forespore is surrounded by two membranes, the
inner forespore membrane and the outer forespore membrane. Between these two
membranes, two layers of PG are being synthesized (stage IV). The thinner inner layer,
the germ cell wall or primordial cell wall, is adjacent to the inner membrane. The thicker
outer layer, the cortex, is a modified form of PG. The spore coat proteins are deposited on

the outside surface of the forespore (stage V). As the spore matures (stageVI), the



resistance, dormancy, and germination ability appear in sequence. Lysis of mother cell
and the release of the mature spore is defined as stage VII.

The process of sporulation involves over 125 genes (61), the transcription of
which is temporally and spatially directed by DNA-binding proteins and five RNA
polymerase sigma factors (sigmas H, F, E, G, and K), which are activated sequentially.
First, in response to starvation, sigma A (the major sigma factor of growing cells), sigma
H, and other transcription factors regulate the transcription of the genes that direct the
formation of the asymmetric septum. After the septation, sigma F becomes active in the
forespore and then sigma E is activated in the mother cell. These two sigma factors
control the genes required for engulfment. After engulfment, sigma G is activated in the
forespore and shortly thereafter, sigma K becomes active in the mother cell. Both sigma
G and K are required for the synthesis of the spore cortex and coat proteins and the
regulation of spore maturation.

There are two layers of spore PG that have different structures. The germ cell wall
has the same basic structure as vegetative cell wall PG (37). During germination, this
layer will be developed into the vegetative cell wall. On the contrary, fifty percent of the
muramic acid residues of cortex PG do not have side chains and are converted into
muramic d-lactam, which occurs at every alternate disaccharide (5, 47, 68). The muramic
d-lactam residues are not required for the spore dormancy but do play an important role
as part of the substrate recognized by germination-specific lytic enzymes (48). About
23% of the NAM residues contain single L-ala side chains. The remaining 27% of the
NAM residues contain peptide side chains, some of which are involved in cross-linking.

The cross-linking index (the percentage of muramic acid residues with cross-linked



peptides) is only 2.9% (5, 47), a dramatic difference from the 29% found in the
vegetative cell PG (4).
PBPs and maintenance of the rod-shaped cell

Class A PBPs have bi-functional activities as glycosyl transferase and
transpeptidase, which are located in the N-terminal domain and C-terminal domain,
respectively. The four B. subtilis class A PBP-encoding genes, ponA, pbpD, pbpF, and
pbpG appear to play partially redundant, yet distinct, roles in the life cycle. Deletion of
ponA, which codes for PBP1 (50), causes decreases in growth rate and sporulation
efficiencies and the production of cells that are longer, thinner, and slightly bent. Two
other genes, pbpD and pbpF, play some redundant function of ponA, the further loss of
these genes from a ponAd mutant exacerbates the phenotypic changes (54). The deletion of
both pbpF and pbpG leads to the severe sporulation defect (36), which indicates these
two genes play a redundant role in sporulation.

Class B PBPs are monofunctional transpeptidases. Some are essential for
septation and regulation of cell shape. PBP2b, the gene product of pbpB, is essential for
septation (70), and its sequence is very similar to that of a protein with the analogous
function in E. coli, PBP3 (gene product of pbpB). PBP2a, the gene product of pbpA, is
involved in the formation of the rod-shaped cell from oval spores during the spore
germination and out-growth (41), and is most similar to the E. coli PBP2, which is
required for the maintenance of the rod shape of the cell (59). The deletion of B. subtilis
pbpA is not lethal and has no effect on vegetative growth and sporulation, which suggests
there is another gene in the same class carrying out the redundant function of pbpA. The

other gene with known function is spo¥VD, which codes for SpoVD and is required for the



spore PG synthesis. PBP3, encoded by pbpC, was found to be dispensable under all
growth, sporulation, and germination conditions tested (42). The functions of the two
remaining class B PBP-encoding genes, ykuA and yrrR, are undefined.

Among the six low-molecular-weight class PBPs, PBP5 (encoded by dacA4) and
PBP5* (encoded by dacB) are D,D- carboxypeptidase, and DacC and DacF are predicted
to have the same activity based on sequence similarity (reviewed in (19). The two
remaining gene products (those encoded by pbpE (51) and pbpX (30)) are predicted to be
D, D-endopeptidases according to their sequence similarity to the D, D-endopeptidase,
PBP4, of E.coli (19).

The cell envelope is important in determining the cell shape in bacteria. In E. coli
and B. subtilis, most of the spherical morphology mutants have mutations in genes
associated with cell envelope synthesis, mostly PG synthesis. A hypothesis is that during
specific periods of the cell cycle, the cell shape is associated with the cognate PBPs to
control the synthesis of PG. To maintain their shape, it has been proposed that rod-shaped
bacteria have at least two systems, one for cell elongation and the other for the formation
of the new poles by septation. The final shape is determined by the balance of these two
systems (26). Each of the systems probably contains PG synthesis enzymes (PBPs),
autolysins, and regulation enzymes.

In E. coli, two proteins, RodA (mrdB, an integral membrane protein, encoded by
rodA) (35, 63) and class B high MW PBP2 (encoded by pbpA, also called mrdA)(59), are
involved in maintenance of the rod shape of cells during cell elongation. Mutations in
rodA or pbpA, or the inactivation of PBP2, block elongation and cause the production of

spherical cells. These two genes are in an operon (35), and their gene products are



expected to interact with each other (34). Two other proteins, FtsW (encoded by fisW and
with sequence similarity to RodA) (10, 28) and class B high MW PBP3 (encoded by
pbpB), are required in formation of the division septum.

In B. subtilis, there are two proteins, RodA (encoded by rodA, (24)) and PBP2a
(41), identified as the homologues of RodA and PBP2 in E. coli. RodA has an essential
role in elongation. The loss of RodA causes the formation of non-viable spherical cells
(24). PBP2a is required for the normal elongation of germinating cells but is not essential
for viability, suggesting there is another gene having similar function (41). PBP2b has
been identified as a homologue to PBP3 and partial loss-of-function mutation affecting
PBP2b results in filamentous growth (70). A candidate for the B. subtilis homologue of
E. coli FtsW is the product of an uncharacterized ORF designated as ylaO (30).

Through studies of the two uncharacterized putative class B HMW PBPs of B.
subtilis we hope to gain further insight into the mechanisms of cell elongation and cell

shape maintenance.



Penicillin-binding

Class A SXXK \S(XN E_‘?G
High MW I
PBP Glycosyl transferase Transpeptidase

Class B
High MW .
PBP 2 Transpeptidase

Low MW
PBP Carboxypeptidase

Endopeptidase

Fig. 1. The domain structures of the class A, class B high MW PBPs, and low
MW PBPs. Class A and class B high MW PBPs have two function domains. Class A
PBPs have glycosyl transferase and transpeptidase activities located in the N-terminal
domain and C-terminal domain, respectively. Class B PBPs have transpeptidase activity
in the C-terminal domain while the function of N-terminal domain is unknown. Most of
the low MW PBPs have D, D-carboxypeptidase activity, and some of them are
endopeptidases. A common feature of all three class PBPs is the penicillin-binding
domain that interacts with b-lactam antibiotics, including penicillin, by covalent binding
of these antibiotics to their active-site serine residues. The most highly conserved

sequences within these domains are shown as black boxes.
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Fig. 2. Stages of the B. subtilis life cycle. The vegetative cell wall is shown in
dark green. The developing spore (stage IV- VI) is surrounded by the cortex PG (light
green). The coat protein layers are shown as a blue line. Membranes are represented as
thin black lines. The filamentous structures within the cytoplasm represent the

chromosomal DNA.
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CHAPTER TWO
CHARACTERIZATION OF THE PBP-CODING GENE pbpH (ykuA)

Extensive sequence similarity indicated that ykuAd encodes a class B PBP. This
gene was renamed and is now referred to as pbpH. The first goal was the identification of
the gene product of pbpH by comparing the PBP profiles of a pbpH over-expressing
strain and a wild type strain using radio-labeled penicillin. The second goal was
examination of the expression of pbpH. The final goal was identification of the functions

of pbpH.

Materials and Methods
1. Plasmids, bacterial strains, and growth conditions.

All plasmids and B. subtilis strains used in this study are listed in Table 1. E. coli
strain JM109 was used for cloning. All B. subtilis strains used were derived from strain
168. Transformation with plasmid DNA or chromosomal DNA was performed as
described previously (2). Transformants were selected on 2xSG (32) plates containing
appropriate antibiotics: chloramphenicol (3 pg/ml), spectinomycin (100 pg/ml),
kanamycin (10 pg/ml), tetracycline (10 pg/ml), and erythromycin (0.5 pg/ml) plus
lincomycin (12.5 pg/ml) (macrolide-lincosamide-streptogramin B resistance). Vegetative
growth for determining growth rate and sporulation for obtaining spores was routinely
done in 2xSG at 37°C. Growth rate was measured by plotting the optical density at 600
nm (OD) of the growing culture versus time on a semi-log plot and reading off the
generation time. Spores were purified by water washing (43). Spore germination and

outgrowth was analyzed in 2xYT medium (48) containing 4 mM L-ala after a 30 min
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heat shock in water at 65°C (43). The OD of all vegetative, germinating, and outgrowing
cultures were determined using a Genesys 5 spectrophotometer. Spore heat resistance and
chloroform resistance was measured after sporulation for 24 hours as previously
described (43).

For induction of the xylose-regulated promoter, strains were grown at 37°C in
2xSG lacking glucose with the concentration of xylose at 0.4% (for the study of pbpH
function) or 2% (for over-expression). To resuspend an exponentially growing culture
into a new medium, the culture was centrifuged at 5,000xg for 5 min at 24°C and
resuspended into prewarmed (37°C) fresh medium.

2. Construction of plasmids and strains.

Primers pbpH1 and pbpH2 (Table 2) were used to amplify a 2628 bp fragment
containing 272 bp of upstream sequence, the coding sequence, and 302 bp of sequence
downstream of pbpH from the chromosomal DNA of PS832. This fragment was cloned
into pPGEM-T (Promega), generating plasmid pDPV 103, in which the pbpH sequence is
in the same orientation as lacZ. The insert of this plasmid was sequenced using SP6 and
T7 primers to confirm that the PCR product had the correct sequence. To construct a
deletion mutation in pbpH, pDPV103 was digested with HindIll and BamHI to remove
40.3% of the coding sequence, including the penicillin-binding active site. The deleted
region was replaced with a spectinomycin resistance gene cassette obtained from pJL73
(31) by digested with HindIll and BamHI. In this way plasmid pDPV113 (DpbpH::Sp)
was generated. The plasmid was linearized by restriction digestion at an Xmnl site within
the pGEM-T vector sequence. The linearized DNA was transformed into the wild type B.

subtilis strain, PS832, with selection for the spectinomycin resistant marker to allow the
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mutated gene to integrate into the chromosome via double crossover. Thus the pbpH
deletion mutant (DPVB133) was obtained.

Primer pbpHa was designed to contain an added EcoRI site to assist in cloning a
fragment for constructing lacZ-fusion. Primer pbpHa and pbpH2 were used to PCR
amplified the 2628 bp insert in pDPV103. The 2637 bp PCR product was cut with EcoRI
and HindllI to get a 682 bp fragment that contained the upstream region and the first 402
bp of the pbpH coding sequence. The fragment was cloned into EcoRI- and HindIll-
digested pDPC87 (52) to generate pDPV 125, in which the 682 bp fragment was placed in
front of a promoterless /acZ gene. The insert of the plasmid was sequenced and
confirmed to be identical to the sequence from the genome. The plasmid was used in
transforming B. subtilis PS832 to allow the lacZ fusion to recombine into the
chromosome via a single crossover. Transformants were selected on 2xSG plates
containing chloramphenicol. In this way strain DPVB168 was generated, containing the
transcriptional lacZ fusion to the pbpH promoter.

DPVB203 was constructed by transforming PS2465 (pbpA::Cm) using plasmid
pCM::Erm' (60) to switch the antibiotic resistance that is inserted in the pbpA locus from
Cm to Erm'.

Primers pbpHS and pbpH3 (Table 2) were designed with added Pacl site and
Bglll sites, respectively. They were used to PCR amplify a 2162 bp fragment containing
80 bp upstream, the coding sequence, and 25 bp downstream of pbpH from chromosomal
DNA of PS832. The resulting 2176 bp Pacl-Bgl/Il fragment was cloned into Pacl- and
Bglll-digested pPSWEET-bgaB (7) which contains a xylose-regulated expression system.

The pbpH gene in the resulting plasmid, pDPV138, was sequenced and found to be
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identical to the sequence from the genome. The plasmid was linearized at the PstI site in
the vector and used to transform DPVB133 to generate a xyldp-pbpH fusion at the amyE
locus. The resulting Amy’, Cm, Sp strain DPVB202 (DpbpH::Sp amyE::xylAp-pbpH::Cm)
was obtained. It was transformed with chromosomal DNA from DPVB203 with the
selection for Erm" and Sp in the presence of 0.2% xylose. The resulting transformant,
DPVB 207, can only survive in medium containing xylose. As a control, DPVB213 was
generated by transforming PS832 using the plasmid pPSWEET-bgaB.

3. Enzyme assays, membrane preparation, and gel identification of PBPs.

b-galactosidase assays of vegetative cells, sporulating cells, and germinating
spores were done using the substrate o-nitrophenyl-b-D-galactopyranoside (43, 52) and
the activity was expressed in Miller units (38). Glucose dehydrogenase activity was
assayed as previously described (43).

For over-expression of PbpH, strains were grown at 37°C to an OD of 0.1. Xylose
was added to the culture to make the final concentration of 2%, and incubation was
continued until the OD reached 1.0. Membranes were prepared as previously described
(50). PBPs were detected using '*’I-labeled penicillin X as previously described (36).

4. Phase contrast and electron microscopy.

For phase contrast light microscopy, 0.5ml samples of germinating and
outgrowing spores or vegetative cells of PS832 and DPVB207 were centrifuged,
resuspended in 0.5 ml of fixing solution (2.4% paraformaldehyde and 0.01%
glutaraldehyde in 30 mM sodium phosphate buffer pH 7.0) for 15 min at room
temperature and 30 min on ice, washed twice with 0.5 ml of phosphate-buffered saline,

pH 7.4 (PBS; 137 mM NacCl, 2.7 mM KCl, 10.1 mM Na,HPOg, 1.76 mM KH,PO, ), and
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resuspended in 50-150 m PBS. Fixed cell suspensions were placed on slides with
polylysine-coated cover slips (One drop of 0.1% polylysine was air-dried on each cover
slip.) and were photographed on an Olympus Provis AX70 microscope equipped with an
Olypus UPlanF1 100X/1.30 Oil Ph3 objective. Images were processed for publishing
using Adobe Photoshop software on a Macintosh computer.

For electron microscopy, 10 ml samples of vegetative cells of PS832 and
DPVB207 were centrifuged; resuspended gently in the fixing solution (840 m of 0.5 M
sodium phosphate buffer, pH7.0 plus 50 m of 25% EM grade glutaraldehyde); placed at
4°C overnight; washed 4 times with 1 ml cold 0.1 M sodium phosphate buffer, pH 6.7,
resuspended in 1% osmium in cold 0.1 M sodium phosphate buffer, pH 6.7; and stored at
4°C overnight. Fixed cells were than washed in 0.5 M NH4Cl, suspended in 2% warm
agar, and immediately spun at 10,000xg for 3-5 min while cooling to pellet the cells in
agar. A standard dehydration was performed at 30%, 50%, 70%, 95% and 100% EtOH,
then 1: 1 with EtOH and Spurr’s resin overnight, and finally suspended in 100% Spurr’s
resin overnight. Consequently the samples were embedded in Spurr’s resin and cut with a
diamond knife. The sections were placed on 200 mesh copper grids and stained with 1%
uranyl acetate for 12 min and Reynold’s lead for 5 min. Samples were viewed and
photographed using a JEOL 100 CX-II transmission electron microscope at an
accelerating voltage of 80kV. Cell length and width were measured from electron
micrographs. The negatives of photographs were scanned to produce digital images and

processed for publication using Adobe Photoshop software.
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5. Vegetative peptidoglycan analysis.

Cultures (100 ml) of PS832 and DPVB207 were grown to OD of 1.0-1.7. cultures
of DPVB133 and DPVB171 were grown to an OD of 0.5. The cultures were then chilled
in ice water with swirling for 5 min, and centrifuged at 15,000xg for 10 min at 4°C.
Pellets were resuspended in 2 ml of 4°C water, added dropwise to 50 ml of boiling 4%
SDS, and boiled for 30 min. The cooled suspensions were centrifuged at 12,000xg for 10
min at room temperature and washed with water until free of SDS. Pellets were
resuspended in 1 ml 100 mM Tris-HCI, pH7.5 and digested with a-amylase for 2 hr, then
with DNase I (10 pg) and RNase A (50 pg) for 2 hr in the presence of 20 mM MgSOy,
and finally with trypsin (100 pg) overnight after the addition of CaCl, to a final
concentration of 10 mM. SDS was added to a final concentration of 1% and the mixture
was boiled for 15 min, diluted into 7 ml warm H,O, and then centrifuged at 12,000xg for
10 min at 20°C. The pellets were washed twice in 8 ml H,O, once in 8 M LiCl, twice in
H,0, and resuspended in a small amount of H,O. The suspensions were transferred to 2
ml screw-cap microcentrifuge tubes and centrifuged at 13,000xg for 5 min. The pellets
were lyophilized for 1 hr, resuspended in 2 ml 49% HF, and then placed on a rocker at
4°C for 48 hr to cleave off teichoic acids. The suspensions were centrifuged at 13,000xg
for 5 min. The pellets were washed three times in 1 ml of H,O and resuspended in fresh
100 mM NH4HCOs;. The suspensions were transferred to microcentrifuge tubes, digested
with 5 units of alkaline phosphatase (Boehringer Mannheim, calf intestinal) at 37°C
overnight, boiled for 5 min, and centrifuged at 13,000xg for 15 min. The pellets were
washed three times in H,O and digested with 125 U of a muramidase (Mutanolysin;

Sigma) in a total volume of 250 ml of 12.5 mM sodium phosphate (pH 5.5) for 16 hr at
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37°C. The later steps of the lyophilization and the reduction (15 min) of the muropeptides
were performed as previously described (47). The separation of the muropeptides by
reverse-phase HPLC was carried out as described previously (4). Analysis of the
chromatograms was done using Powerchrom V2.2.2 software on a Macintosh OS 9.1

computer.
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Table 1. Bacillus subtilis strains and plasmids

B. subtilis strain Genotype® construction Source or reference
DPVBI133 DpbpH::Sp pDPV113— PS832 This work
DPVB168 pbpH-lacZ pDPV125—PS832 This work
DPVBI171 DpbpH::Sp pbpC::Cm DPVB133—PS2352 This work
DPVB172 DpbpH::Sp spoVD::Kn DPVB133—DPVB64 This work
DPVBI173 DpbpH::Sp Dpbpl::Erm" DPVB133—>DPVB160  This work
DPVBI175 Dpbpl::Erm' pbpC::Cm DPVB160—PS2352 This work
DPVB187 DpbpH::Sp pbpC::Cm spoVD::Kn DPVB64—DPVB171 This work
DPVBI190 DpbpH::Sp Dpbpl::Erm" pbpC::Cm DPVBI133—>DPVBI175 This work
DPVB202 DpbpH::Sp xylP-pbpH at amyE pDPV138—DPVB133 This work
DPVB203 pbpA::Erm" pCm::Erm'—PS2465 This work
DPVB207 DpbpH::Sp pbpA::Erm" xylP-pbpH at amyE ~ DPVB203—DPVB202 This work
DPVB213 xylP-bgaB at amyE PSWEET-bagB—PS832  This work
PS832 Wild type, trp” revertant of 168 Laboratory stock
PS2352 pbpC::Cm (42)

PS2465 pbpA::.pTMA4 Cm 41)
Plasmid Construction or description of use Source or reference
pCM::erm Cm::Erm’, for switching the antibiotic resistance from Cm to Erm" (60)
pDPC87 B. subtilis integrating lacZ transcriptional fusion vector (52)
pDPV103 Upstream, downstream, and coding region of pbpH in pGEM-T This work
pDPV113 Deletion of pbpH and the replacement of Sp cassette, pDPV103 This work
digested with Hindlll and BamHI, ligated with a 1200 bp HindIlI-
BamHI Sp cassette from pJL73

pDPV125 PpbpH-lacZ, pDPC87 carrying 682 bp EcoRI-Hindlll fragment of This work
pbpH from pDPV103

pDPV138 xylAP- pbpH, pSWEET carrying 2170 bp Pacl-Bg/lI PCR fragment of = This work

pbrH
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pJE751 B. subtilis integrating lacZ fusion vector (18)

(45)
pJL73 Carrying the Sp cassette (€20
pSWEET-bgaB  xyl4P- bgaB, pPSWEET carrying bgaB @)

? Abbreviations for antibiotic resistance: Cm, chloramphenicol; Erm", lincomycin and erythromycin; Kn, kanamycin; Sp,

spectinomycin.

19



Table 2. Primer sequences

Name Primer sequence Restriction | Uses Position in chromosome
enzyme site
added
pbpH1 5'CGT TGA ATC ACT AAG AAT AAG G For constructing | -272 upstream of pbpH
pDPV103
pbpH2 | 5' TCA TCT CTC CTT GGA GAT AGCC For constructing | 302 downstream of
pDPV103 pbpH
pbpHa | 5'CGG AAT TCC* GTT GAA TCA CTA EcoRI LacZ fusion -272 upstream of pbpH
AGA ATA AGG
pbpHS5 | 5'GCG CTT AAT TAA* TGA TTT GAG Pacl pSWEET-ykuA | -80 upstream of pbpH
AGG GGT A
pbpH3 | 5' GAA G*AT CTT TTA GTT GTG CAC Bglll pSWEET-ykuA | 28 downstream of pbppH
CCTG

* The added restriction enzyme site.
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Results

Identification of the pbpH gene

A sequence alignment of the predicted gene product of pbpH against the
microbial protein database was done using the BLAST software (1). The most similar
protein in B. subtilis is PBP2a (42% identical and 60% similar) and in E. coli is PBP2
(22% 1identical and 40% similar). PBP2a is the high molecular weight (MW) class B PBP
that is required for the normal outgrowth of spores. Insertional mutagenesis of its coding
gene, pbpA, had no effect on the phenotype of cells in log phase or sporulation, and pbpA
spores initiated germination normally, but these spores had difficulty in the transition
from a spherical germinated spore to a cylindrical cell (41). PBP2 of E. coli, the gene
product of pbpA, is a HMW class B PBP and is required for cell elongation and
maintenance of the rod shape (59). A strain lacking pbpA grew as spherical cells and was
not viable (66). These data highly suggest that phpH belong to the group of the genes
required for maintaining the rod shape of the cell.
Production of an inducible xylAp-pbpH construct and attempted identification of the
gene product of phppH

Plasmid pSWEET contains a xylose-dependent expression system that can be
integrated into the chromosome of B. subtilis at the amyE locus (7). In order to clone the
whole coding sequence of pbpH into the plasmid, two primers were designed and the
gene was PCR-amplified and ligated into the digested vector. This produced the plasmid
pDPV138 (pSWEET-pbpH), in which pbpH is under the control of the xylose-regulated
promoter. Plasmid pDPV138 was linearized and used to transform strain DPVB133.

Strain DPVB202 (DpbpH::Sp, amyE::xylP-pbpH) was obtained in which the level of
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pbpH expression could be controlled by adjusting the xylose concentration. Plasmid
pSWEET-bgaB was linearized and used to transform PS832 to produce strain DPVB213
(xylAP-bgaB) as a control. Radioactively labeled penicillin was used to visualize the
PBPs present in the xylose-induced DPVB202, DPVB213, and our wild type strain
PS832. The predicted gene product of pbpH has a molecular mass of 77.0 kD. A PBP that
appeared to be the product of pbpH is not visualized in membranes prepared from these
cells.
Expression of phppH

A PCR-amplified fragment containing 402 bp of the N-terminal coding region
and 272 bp upstream of pbpH was used to generate a transcriptional /acZ fusion. This
construct was used to transform B. subtilis PS832 to allow the lacZ fusion to recombine
into the pbpH locus via a single crossover, producing strain DPVB168. To determine at
which stage pbpH was expressed, the activity of b-galactosidase in vegetative cells,
sporulating cells, and outgrowing spores was assayed (Fig. 3). Transcription of pbpH was
very low, even when compared to that of other PBP-encoding genes (50, 52, 53),
increased during vegetative growth, and reached the highest level at the transition from
exponential phase to stationary phase. Expression was minimal during sporulation and in
outgrowing spores. According to the time of its expression and its upstream sequence, it
is hard to predict which sigma factor controls pbpH transcription. Further work is needed

to define the transcription start site.
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Fig. 3. Expression of a pbpH-lacZ fusion. (A) Expression during vegetative
growth and sporulation in 2xSG medium at 37°C. The beginning of the sporulation was
at 210 min. (B) Expression during spore germination and outgrowth in 2xYT medium
with 4 mM L-Ala at 37°C. Symbols: 9, wild type (strain PS832);m, pbpH-lacZ (strain

DPVB168).
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Phenotypic properties of pbpH single mutant and multiple mutants

PBPs of the same group often have function redundancy. To identify the function
of pbpH, we constructed a strain with a pbpH deletion (DPVB133), and multiple mutant
strains containing the pbpH deletion and the deletions of other class B PBP-coding genes.
It was found that the combination of a pbpA deletion and the pbpH deletion was lethal.
Double mutant strains lacking pbpH and pbpC or pbpl were viable.

The phenotypic properties of the mutant strains were compared to those of the
wild type strain PS832.There were no significant changes in the doubling times of the
mutant strains (Table 3). Differences of 1 or 2 min were within experimental error. No
distinguishable difference was found between mutant and the wild type cell morphologies
when observed under the phase contrast microscope (data not shown). Sporulation
efficiency was assayed by determining the numbers of chloroform- and heat-resistant
spores per ml of the culture after sporulation for 24 hours. The results showed that all
three mutant strains sporulated as efficiently as the wild type (Table 3). Spores were heat
activated for 30 minutes at 65°C and germinated in 2xYT medium containing L-Ala. The
progression of germination and outgrowth was measured by the change in OD over time
(Fig. 4). All mutants’ spores were able to initiate spore germination as shown by the
decrease in OD of spore suspensions. The germination kinetics of mutants were very
close to that of the wild type. The outgrowth kinetics were also indistinguishable from

those of the wild type.
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Table 3. Growth and sporulation of B. subtilis wild type and mutant strains.

Cell counts (x10° cfu/ml)

Strains Genotype* Generation :
time Viable Chloroform-  Heat-
(min) resistant resistant
spores spores
PS832 Wild type 18 2 3 3
PS2352 pbpC::Cm 19.5 1 1 1
DPVBI133 DpbpH::Sp 20 2 3 2
DPVB160 Dpbpl:: Erm’ 18.5 2 3 2
DPVBI171 pbpC::Cm DpbpH::Sp 18.5 2 3 2
DPVBI173 DpbpH::Sp Dpbpl:: Erm’ 20 2 3 2
DPVBI175 pbpC::Cm Dpbpl:: Erm' 19 2 3 2
DPVBI190 pbpC::Cm DpbpH::Sp 19 2 3 2
Dpbpl:: Erm’

* Abbreviations for antibiotic resistance: Cm, chloramphenicol; Erm’, lincomycin and erythromycin;Sp, spectinomycin.
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Fig. 4. The germination kinetics of B. subtilis wild type and mutant spores.

The spores were heat activated and germinated in 2xYT medium with 4 mM L-Ala.

There was no distinguishable difference of the germination kinetics among wild-type

(PS832), a pbpH mutant (DPVB133), a pbpl mutant (DPVB160), a pbpC single mutant

(DPVB2352), a pbpC pbpH mutant (DPVBI171), a pbpH pbpl mutant (DPVB173), a

pbpC pbpl mutant (DPVB175) and a pbpC pbpH pbpl mutant (DPVB190).
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Non-viability of a pbpA pbpH double mutant strain

Our inability to obtain the double mutant lacking pbpA and pbpH suggested that
such a strain was not viable. To study the reason for the non-viability and the phenotype
of this double mutant, we constructed a double mutant containing a xylose-regulated
pbpH gene inserted into the chromosome at the amyE locus. A PCR fragment containing
the pbpH putative ribosome binding site and coding sequence was cloned into the xylose-
regulated promoter vector pSWEET (7), creating pDPV138 (pSWEET-pbpH). The
plasmid pDPV 138 was linearized and used to transform DPVB133. Strain DPVB202 was
obtained as a result of the integration of pDPV138 into the chromosome by a double
cross-over at the amyE locus. Chromosome of DPVB202 was used to transform
DPVB203 (pbpA::Erm), and the transformants were selected on LB plates containing
0.4% xylose and antibiotics. Strain DPVB207 was obtained, which has null mutations in
both pbpA and pbpH and the xylose-inducible copy of pbpH inserted at the amyFE locus.
On solid medium, in the absence of xylose, DPVB207 did not grow and only a few
suppressor colonies were formed. These most likely resulted from a mutation inactivating
the xylose repressor or from recombination events that exchanged the pbpH null and wild
type alleles between the normal and the xylose-inducible constructs. With the addition of
0.4% xylose to plates, DPVB207 grew and sporulated normally. This xylose
concentration was used to grow this strain on both solid and liquid media.

Growth of DPVB207 in the presence and absence of xylose. Cultures of
DPVB207 and PS832, inoculated from overnight plates containing xylose, were grown to
an OD of 0.5 in 2xSG liquid medium containing xylose and lacking glucose, then 5 ml of

the culture was centrifuged and diluted 20-fold during resuspension into fresh medium
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with the presence or absence of xylose. The vegetative growth of DPVB207 and wild
type strain PS832 was studied (Fig 5). Growth of the wild type was not affected by the
presence or absence of xylose. In the presence of xylose, the growth of DPVB207 was
almost the same as that of wild type. However, when the culture of DPVB207 was
resuspended into medium lacking xylose, the cells resumed their growth for only three
generations. These results indicate that pbpA and pbpH have redundant function and
these two genes together have an essential role in vegetative growth.

Spore germination and outgrowth in the presence and absence of xylose.
When a culture of DPVB207, at an OD of 0.5 in medium containing xylose, was spun
down and diluted two-fold into fresh xylose-containing and xylose-free medium, the cells
resumed growth, entered into sporulation, and generated apparently normal spores.
DPVB207 and PS832 spores were purified following sporulation in both medium
containing and lacking 0.4% xylose. Germination was initiated in both the presence and
absence of xylose in 2xYT medium containing 4 mM L-ala (Fig. 6). The germination and
outgrowth of wild type spores was the same under all conditions. The initiation of
germination (visualized by the decrease in OD) of the xylose-grown (xylose-positive)
spores of DPVB207 was delayed whereas that of the spores produced in the absence of
xylose (xylose-negative) was indistinguishable from the wild type. The early stage of
outgrowth (the initial slow increase in OD) of xylose-negative spores was similar to that
of the wild type spores while that of the xylose-positive spores was still delayed.
Subsequently, the outgrowth of both xylose-negative and -positive spores were
significantly impaired in the medium lacking xylose, whereas all the spores exhibited

similar rates of growth in the presence of xylose. This indicates that either PbpH or
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PBP2a is required for outgrowth and vegetative growth but not for sporulation or
initiation of spore germination. The delayed germination of DPVB207 spores produced in
the presence of xylose could be due to a change in the level of cross-linking of the spore
cortex due to the activity of PbpH. However, the cortex PG of DPVB207 xylose-positive
and -negative spores was indistinguishable from that of wild type (data not shown).

Further work is required to answer this question.
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Fig. 5. Growth of DPVB207 and PS832 in the presence and absence of xylose.
Filled symbols are for PS832 and open symbols are for DPVB207. Both strains were
grown in the presence of xylose (diamonds) to an OD of ~0.7. The cultures were
centrifuged and resuspended with a 20-fold dilution in medium containing (triangles) or

lacking (circles) xylose and incubation was continued at 37°C.
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Cell morphology of the pbpA pbpH double mutant. Cell samples from both
vegetative growth and spore germination were fixed for examination under phase contrast
microscopy. Examination of vegetative growth samples revealed that the wild type cells
in the presence and absence of xylose and the pbpA4 pbpH cells in the medium containing
xylose looked similar (Fig. 7). However, between 60 and 80 minutes after resuspension in
the absence of the xylose (about two to three doubling of mass), cells of strain DPVB207
started to swell. After 2 h a few cells lysed, and many cells swelled dramatically and had
a cone shape. Some cell divisions were asymmetric. After 3 h many cells had lysed, and
most cells were nearly spherical. After 4 h, most cells had lysed and within the remaining
cells, division septa were extremely irregular.

The morphologies of germinating and outgrowing wild type spores were identical
in the presence and absence of xylose (Fig. 8 and data not shown). Examination of pbpA
pbpH outgrowing spores revealed that those spores produced in xylose-containing
medium were able to initiate germination either with or without xylose even though the
initiation was delayed (Fig. 8). From then on, the outgrowth was different. Cells
germinated without xylose were spherical, gradually enlarged, and eventually lysed (Fig.
8). Few cells were able to divide and the septation was asymmetrical. At later stages (240
min), a few rod-shaped cells appeared, apparently due to the acquisition of suppressor
mutations. For spores germinated in xylose-containing medium, the outgrowing cells had
a greater width than those of the wild type and were highly bent. Some of these cells
became helical but all eventually became shorter bent rods and grew in a manner similar
to the wild type. Sporulation without xylose apparently led to the production of a

significant number of spores with suppressor mutations that allowed them to carry out
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outgrowth in a manner similar to the wild type. When this spore suspension was
germinated without xylose, the growth of the suppressor strains was highly selected. So
in the beginning, the growth of the culture was like a mixture of wild type and DPVB207
xylose-negative spores germinated without xylose, and later the fast-growing mutants
predominated. When this spore suspension was germinated with xylose, the cell
morphology was similar to the DPVB207 xylose-negative spores germinated with xylose
except a few normal rod shaped cells were present. This data suggest that in the pbpA
strain PbpH is required in the transition of an oval-shaped outgrowing spore to a rod-
shaped cell and for the maintenance of the rod-shape. It also indicates that the over-
production of PbpH during early outgrowth leads to the distortion of the normal regular
rod-shape of cells and the formation of bent or helical cells.

Vegetative cells were examined in greater details by transmission electron
microscopy (Fig. 9). The observations were consistent with phase contrast microscopy
results. Cells of the pbpA pbpH strain incubated in the presence of xylose had the same
morphology as those of the wild type. However, these cells had a pleiomorphic spherical
or distorted irregular shape when incubated in the absence of xylose. Cell septations were
randomly localized. In some cells successive divisions seem to occur in perpendicularly
alternating planes. Most cell walls and septa were thicker than those seen in wild type
cells. Eventually many of the cells lysed. The average cell width and volume were larger
than those of the wild type and pbpA pbpH cells grown in xylose-containing medium

(Table 4).
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Table 4. The cell dimensions of wild type and pbpA pbpH cells grown in medium with

the presence and absence of xylose

Strains Presence or absence of xylose  Cell width (um) Cell length (um)
PS832 +xylose * 0.57 1.8
xylose ° 0.56 1.5
DPVB207 +xylose © 0.59 1.5
(pbpA pbpH)  -xylose 1.4 1.4

* the values here are the average of 40 cells;

® the values here are the average of 21 cells;
¢ the values here are the average of 10 cells;

4 the values here are the average of 56 cells.
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Vegetative PG structure

To determine if PG structural changes could be correlated with the altered
morphology of the phpA pbpH double mutant, the muropeptides derived from vegetative
PG were separated and quantified using reversed-phase HPLC. The PG of DPVB133
(pbpH), DPVB207 grown in the presence and absence of xylose, and wild type were
analyzed. In addition, the PG of DPVB171 (pbpC pbpH) was also studied.

Analysis of the muropeptide chromatograms (Fig. 10) revealed no difference
among the vegetative PG structures of VB133, DPVB207 with xylose, PS832 with
xylose, and PS832 without xylose. DPVB207 without xylose and DPVB171 produced
slightly different muropeptide profiles than the others. DPVB207 minus xylose had an
increased abundance of one unidentified muropeptide. DPVBI171 had a slightly lower
amount of disaccharide tetrapeptide with 1 amidation (peak 7) and higher amount of
disaccharide tripeptide tetrapeptide with 2 amidations (peak 10) when compared to others
strains. This suggests PBP3 is involved in vegetative PG synthesis but only affects the

PG structure with a very low efficiency.
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Fig. 7. Phase contrast microscopy of wild type and DPVB207 (the xylose regulated pbpA pbpH double mutant)
vegetative cells. (A), DPVB207 without xylose; (B), DPVB207 with xylose; (C), PS832 with xylose; (D), PS832 without xylose. (1),
(2), (3) and (4) are 80, 120, 180 and 240min, respectively, after the resuspension into the new medium. Scale bars, 4mm.
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Fig. 8. Phase contrast light microscopy of outgrowing DPVB207 (xylose regulated pbpA pbpH double mutant) and wild-
type spores. A, the spores of DPVB207 were from the medium without xylose and germinated with the presence of xylose; B, the
spores of DPVB207 were from the medium without xylose and germinated without xylose; C, the spores of DPVB207, were obtained
in the medium with the presence of xylose and germinated in the presence of xylose; D, the spores of DPVB207, were from the
medium with xylose and germinated without xylose; E, the spores of PS832 were from the medium without xylose and germinated
with xylose; F, the spores of PS832 were obtained in the medium without xylose and germinated without xylose; G, the spores of
PS832, were from the medium with the presence of xylose and germinated with xylose; H, the spores of PS832, were from the
medium with xylose and germinated without xylose. 1, 2, 3, 4, 5, and 6, are 45, 60, 90,120, 180, and 240min, respectively, after

initiation of germination. Scale bars, 4mm.
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Fig. 9. Electron microscopy of wild type and DPVB207 (xylose regulated pbpA pbph double mutant) vegetative cells.
(A), DPVB207 without xylose; (B), DPVB207 with xylose; (C), PS832 with xylose. (1), (2) and (3) are 80, 180 and 240min,
respectively, after the resuspension into the new medium. Scale bars, 1mm.
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Fig. 10. RP-HPLC Muropeptide elution patterns of peptidoglycan from
vegetative cells of various strains. (A), PS832 (w.t.) with xylose; (B), PS832 without
xylose; (C), DPVB133 (pbpH) without xylose; (D), DPVB171 (pbpC pbpH) without
xylose; (E), DPVB207 (pbpA pbpH) with xylose; (F), DPVB207 without xylose. The Y-

axis is the Absorbance at 206 nm. The arrows point at the new peak or the peaks of

different size.
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Discussion

The identification and characterization of pbpH was carried out through the study
of the putative coding sequence and the construction and analysis of a series of B. subtilis
mutant and altered gene expression strains.

The identification of gene product of pbpH. Analysis of the expression of a
transcriptional lacZ fusion to pbpH showed that transcription of pbpH is at a very low
level. Over-expression of the gene was attempted in order to detect the gene product. In
this study, strain DPVB202, which contains an inducible xyl4p-pbpH fusion, was used to
overexpress pbpH. Membranes were purified from the induced strain, incubated with
labeled penicillin, run on a SDS-PAGE gel, and scanned on a phosphoimager. However,
we could not visualize the gene product. The chromosome of DPVB202 was used to
transform a pbpA mutant to generate a pbpH pbpA double mutant in which viability was
maintained only upon xylose induction of pbpH expression, indicting that pppH was
being expressed at some level from the xyl4 promoter construct. In the other part of this
project the gene product of pbpl was identified using labeled penicillin, indicating that
our performance of this method was successful. The inability to detect PbopH may due to
a low binding affinity for penicillin, a low level of pbpH expression upon xylose
induction, or instability of the protein.

The function of phpH gene product. Analysis of the coding sequence of pbpH
revealed its gene product’s sequence similarity to class B high-molecular weight PBPs,
especially to PBP2a in B. subtilis. The non-viability of a pbpA pbpH double mutant
indicated that pbpA and pbpH play a redundant essential function. Our studies of the

inducible pbpA pbpH double mutant verified that these two genes are determinants of cell

50



elongation and maintenance of the rod-shape of B. subtilis. These two proteins, therefore,
appear to carry out a role homologous to that of PBP2 in E. coli. E. coli cells in which
PBP2 is inactivated grow as spherical cells and are not viable (59, 66).

Insertional mutagenesis of B. subtilis pbpA had no effect on the phenotype of cells
in log phase or sporulation or on the properties of the dormant spores. Spores produced
by the pbpA strain initiated germination normally, but these spores had difficulty in cell
elongation and the determination of the cell diameter during the spore outgrowth (41).
However, pbpA spores eventually gave rise to vegetative cells that were indistinguishable
from those of the wild-type strain. It was suggested that PBP2a’s role in vegetative
elongation is minimal or that other PBPs are able to compensate for PBP2a’s contribution
to vegetative cell wall elongation in its absence. Our results confirmed that this other PBP
is the product of pbpH. PBP2a and PbpH have the same indispensable function of
contribution to the elongation of the cylindrical cell wall and maintenance of the normal
rod shape of B. subtilis. The non-viability of a pbpH pbpA strain may be due to an
inability to properly segregate the cell contents and to carry out cell division without
causing a wall disruption resulting in lysis.

Analysis of the expression of a transcriptional /acZ fusion to pbpH showed that
the expression of pbpH was increased during the vegetative growth and reached the
highest level during the transition to the stationary phase. Then, the expression of pbpH
dropped to a very low level during sporulation. It was not expressed during germination.
On the contrary, the expression of pbpA began to increase 30 to 40 min after the initiation
of germination, increased throughout vegetative growth, and then decreased upon entry

into stationary phase and sporulation (41). The expression pattern of pbpH may explain
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the phenotype of the php4 mutant. The initiation of germination doesn’t require the
activity of any wall synthesis protein, thus both the pbpA and pbpA pbpH strains can
initiate spore germination. At the stage of spore outgrowth in the pbpA mutant, pbpH is
expressed at an extremely low level, thus PbpH cannot fulfill its function in maintenance
of rod shape, leading to the delayed outgrowth and defective cell morphology.
Eventually, the expression of pbpH is increased to the level that pbpA's function is
compensated and the cell resumes normal shape and growth. In the pbpA pbpH double
mutant, after the initiation of spore germination, the cells never change to rod shape due
to the loss of the cell elongation function carried out by PbpH and/or PBP2a.

In our study we found that the expression level of pbpH is much less than that of
pbpA (41). 1t will be interesting to study the expression level of pbpH in the pbpA mutant
and the expression level of pbpA4 in the pbpH mutant. It is possible that in the absence of
one of these gene products, expression of the other may be increased.

Cell shape maintenance and PBPs. It is believed that cell shape is determined
by the balance of cell elongation and cell septation systems (26). Each of these systems is
predicted to contain PG synthesis enzymes (PBPs), autolysins, and possibly regulation
proteins. During the normal cell cycle, cells appear to switch between these systems,
elongating until the cell is prepared to divide and then temporarily directing the majority
of the PG synthetic activity to septum production.

In E. coli, RodA (an integral membrane protein, encoded by rodA) (35, 63) and
class B high MW PBP2 (encoded by pbpA)(59), are involved in the maintenance of the
rod shape during cell elongation. Mutations in rodA or pbpA, or the inactivation of PBP2

block elongation and cause the production of spherical cells. (These mutant cells look
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similar to some of spherical cells of our B. subtilis pbpA pbpH double mutant (24, 55).)
These two genes are in an operon (35), and their gene products are believed to interact
with each other (34). Two other proteins, FtsW (also an integral membrane protein,
encoded by fisW) (10, 28) and class B HMW PBP3 (encoded by pbpB), are required for
cell division. It has been suggested that there is an interaction between RodA and PBP3
(6) and PBP2 is essential for both elongation and division (67). Thus the cell elongation
system and cell division system are associated. FtsW and RodA have similar sequences
(24). Other proteins belonging to this FtsW/RodA (mrdB) family seem to be associated
with the function of every class B protein that has been examined in detail (25).

This study has given some insights to B. subtilis cell elongation and cell shape
maintenance. In B. subtilis, there are three proteins, RodA (encoded by rodA4, (24)),
PBP2a (41), and PbpH as the homologous system of RodA and PBP2 in E. coli. RodA
has an essential role in elongation. The mutation of rodA causes the formation of non-
viable spherical cells (24). PBP2a and pbpH are required in the elongation of cells as
specific transpeptidases. In B. subtilis cell division, PBP2b (encoded by pbpB) is essential
for septation and has been identified as a homologue to PBP3 (70). Based on sequence
similarities, a candidate for the B. subtilis homologue of E. coli FtsW is the product of an
uncharacterized ORF designated as y/aO. It is not known at this point whether these two
systems are associated or not.

In the spherical cells produced by a B. subtilis pbppA pbpH double mutant there is
still septum formation, but the septa are formed extremely irregularly and cells have
different sizes and shapes. This may be due to the activity of only the cell septation PG

synthetic system. It is not clear why these cells lyse. The septation localization system
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appears to be affected by the loss of the rod-shape. There can be several possibilities to
explain this phenomenon. One hypothesis is that PbpH or PBP2a is required for
localization of the division sites or for completion of septation. Another possibility is the
larger-than-normal diameter of the mutant cells impedes the formation of a complete FtsZ
ring as required for normal septation (15). Polymerization of the FtsZ at the division site
may lead to partial rings or spirals, which are unable to direct a normal invagination of
the envelope.

Helical cells of inducable pbpH pbpA double mutant when germinated with
xylose. During spore germination and outgrowth, the cell shape of the induced xylose-
dependent pbpA pbpH double mutant was helical or twisted. This helical phenotype has
been previously reported in B. subtilis in several circumstances, such as wild-type cells
grown in a chemostat with a low [Mg*'] in the medium (56), cells treated with penicillin
G or chlorpromazine (62), mutants resistant to Triton X-100 (62), strains with conditional
mutation in pbpB (57), a strain with mutations in prf4, ponA, pbpD and pbpF (54), and a
strain with mutations in pond and pbpD grown in medium with a low [Mg®'] (40). The
twist of our cells indicates abnormal cell wall PG synthesis, arrangement or turn-over in
the cell.

The thicker cell wall of phppH pbpA double mutant. It was reported that the cell
wall of outgrowing spores of phpA mutants possess a thicker cell wall, which is probably
due in part to the slower PG turnover early in pbpA spore outgrowth (39). The spores of
this strain eventually outgrow to vegetative cells indistinguishable from wild-type cells. If
the hypothesis is true then any imbalance between PG synthesis and degradation early in

the outgrowth will be corrected to give rise to normal cell (39). And this will indicate that
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PbpH is associated with the correction of this imbalance. The other hypothesis proposed
to explain the increased cell wall thickness of pbpA spores early in outgrowth is that
newly synthesized PG is inserted into a smaller surface area in the outgrowing spherical
pbpA spore than in the more cylindrical outgrowing wild-type spore, since a sphere has a
smaller surface area than a cylinder and outgrowing wild type and pbpA spores have
similar volumes (39). The unevenly thicker cell wall of the php4 pbpH double mutant is
more likely due to the imbalance of the synthesis and degradation of PG. Another
explanation is that PG in the cell poles is more stable than PG in the cylindrical cell wall.
If, in the pbpA outgrowing spores or vegetative cells, all the PG synthesis is carried out
by the cell septation machinery then this PG will more closely resemble cell pole PG and

will be degraded more slowly, and thus will be thicker.
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Conclusions

A sequence alignment of the predicted product of pbpH against the microbial
protein database demonstrated that the most similar protein in B. subtilis is PBP2A and in
E. coli 1s PBP2. This suggested that PbpH belongs to a group of the genes required for
maintaining the rod shape of the cell. Study of a pbpH-lacZ fusion showed that pppH was
expressed weakly during vegetative growth and the expression reached the highest level
at the transition from exponential phase to stationary phase. Construction of mutant strain
lacking PbpH and mutant strains lacking multiple class B PBPs including PbpH revealed
that the combination of a pbpA deletion and the pbpH deletion was lethal and double
mutant strains lacking pbpH and pbpC or pbpl (also named yrrR) were viable. The viable
mutants were indistinguishable from the wild-type except that the vegetative PG of the
pbpC pbpH strain had a slightly slightly lower amount of disaccharide tetrapeptide with 1
amidation and higher amount of disaccharide tripeptide tetrapeptide with 2 amidations
when compared to others strains. This suggests that PbpC is involved in vegetative PG
synthesis but only affects the PG structure with a very low efficiency.

A pbpA pbpH double mutant containing a xylose-regulated pppH gene inserted
into the chromosome at the amyE locus was constructed to study the mechanism of the
non-viability and the phenotype of this double mutant. Depletion of PbpH resulted in an
arrest in cell growth and a dramatic morphological change in both vegetative cells and
outgrowing spores. Vegetative cells lacking pbpA and pbpH expression swelled and cell
elongation was arrested, leading to the formation of pleiomorphic spherical cells and

eventual lysis. In these cells, cell septations were randomly localized, cell walls and septa
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were thicker than those seen in wild type cells, and the average cell width and volume
were larger than those of cells expressing pbpA or pbpH. The vegetative PG had an
increased abundance of one unidentified muropeptide. Spores produced by the pbpA
pbpH double mutant were able to initiate germination but the transition of the oval-
shaped spores to rod-shape cells was blocked. The outgrowing cells were spherical,
gradually enlarged, and eventually lysed. Outgrowth of these spores in the presence of
xylose led to the formation of helical cells. Thus, PbpH is apparently required for
maintenance of cell shape, specifically for cell elongation. PbpH and PBP2a play a

redundant role homologous to that of PBP2 in E. coli.
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CHAPTER THREE

CHARACTERIZATION OF PBP-CODING GENE pbpl (yrrR)

Extensive sequence similarity indicates that yrrR encodes a class B PBP. This
gene has been renamed and will now be referred to as pbpl. The first goal was the
identification of the gene product of pbpl by comparing the PBP profile of a Pbpl over-
expressing strain to that of the wild type strain using radio-labeled penicillin. The second
goal was examination of the expression of pbpl. The final goal was the identification of

the function of pbpl.

Materials and Methods
1. Plasmids, bacterial strains, and growth conditions.

All plasmids and strains used in this study are listed in Table 5. E. coli strain
JM109 was used for cloning. All B. subtilis strains used were derived from strain 168.
Transformation with either plasmid DNA or chromosomal DNA was performed as
described previously (2). Transformants were selected on 2xSG (32) plates containing
appropriate antibiotics: chloramphenicol (3 pg/ml), spectinomycin (100 pg/ml),
kanamycin (10 pg/ml), tetracycline (10 pg/ml), and erythromycin (0.5 pg/ml) plus
lincomycin (12.5 pg/ml; macrolide-lincosamide-streptogramin B resistance). Vegetative
growth and sporulation was routinely carried out in 2xSG liquid medium at 37°C. Spores
were purified by water washing (43). Spore germination and outgrowth was analyzed in
2xYT medium (48) containing 4 mM L-ala after a 30 min heat shock in water at 65°C

(43). The optical densities at 600nm (OD) of all cultures were determined using a
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Genesys 5 spectrophotometer. Spore heat- and chloroform-resistance assays were carried
out after sporulation for 24 hours as previously described (43).

For induction of the xylose-regulated promoter, the strains were grown at 37°C in
2xSG lacking glucose (16 g nutrient broth, 2 ml 1M MgSO4, 10.7 ml 2M KCIl, 100 mi 1M
MnCl,, 2.72 ml 0.36M FeSO4, and 20 ml 1.18% Ca(NOs), per liter) with a final xylose
concentration of 2%.

2. Construction of plasmids and strains.

Primers pbpll and pbpl2 (Table 6) were used to amplify a 2451 bp fragment
containing 345 bp of upstream sequence, the coding sequence, and 355 bp of downstream
sequence. This fragment was cloned into pGEMT, generating plasmid pDPV107. The
insert of this plasmid was sequenced using SP6 and T7 promoter primers and compared
to the genome sequence of B. subtilus. The cloned pbpl gene was 100% identical to that
in the genome sequence. To construct a deletion mutation in pbpl, pDPV107 was
digested with EcoRV and HindlIIl to remove 89.2% of the coding sequence, including the
conserved penicillin-binding active site sequences. The deleted region was replaced with
an erythromycin resistance gene cassette obtained from pDG646 (21) by digestion with
Hindlll and Smal. In this way we generated plasmid pDPV114 (Dpbpl::erm). The
plasmid was linearized by restriction digestion at a Scal site within the pGEMT vector
sequence. The linearized DNA was transformed into our wild type B. subtilis strain,
PS832, to allow the mutated gene to integrate into the chromosome via double crossover
with selection for the erythromycin resistant marker. Thus, the pbpl deletion mutant

strain (DPVB160) was obtained.
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Primer pbpla (Table 6) was designed to contain an added EcoRI site on pbpll to
assist in cloning a fragment for constructing a lacZ-fusion. Primers pbpla and pbpl2 were
used to PCR amplify the 2451 bp insert in pDPV107. The 2459 bp PCR product was cut
with EcoRI, HindIll and Dral to get a 975 bp frament which contains the upstream region
and the first 622 bp of the pbpl coding sequence. The fragment was cloned into EcoRI-
and HindllI-digested pDPC87 to generate pDPV 126, in which the 975 bp fragment was
placed in front of a promoterless /lacZ gene. The insert of the plasmid was sequenced and
confirmed to be identical to the sequence from the genome. The supercoiled plasmid was
used in transforming B. subtilis PS832 to allow the /acZ fusion to recombine into the
chromosomal copy of pbpl via a single crossover. Transformants were selected on 2xSG
plates containing chloramphenical. In this way we generated strain DPVB169, containing
a transcriptional fusion of lacZ to the pbpl promoter.

The pbpl-lacZ fusion was transformed into a set of strains carrying null
mutations in genes encoding sporulation-specific sigma factors: SC1159 (spollACI=SF"),
SC137 (spollGB::Tn917=sE ::MLS") and SC500 (spollIGAI=sG") using chromosomal
DNA of DPVB169. Thus, DPVB184 (spollACI pbpl-lacZ), DPVB185 (spollGB::Tn917
pbpl-lacZ), DPVBI186 (spolllGAl pbpl-lacZ) were generated. These sigma factor
mutants’ isogenic wild type background is strain PY79. As a control, DPVB183 was
generated by transforming PY79 using the chromosomal DNA of DPVB169.

Primers pbpl5 and pbpl3 (Table 6) were designed with added Pacl site and BglIl
sites, respectively. They were used to PCR amplify a 1802 bp fragment containing 25 bp
of upstream sequence, the pbpl coding sequence, and 26 bp of downsteam sequence. The

resulting 1820 bp Pacl-Bglll fragment was cloned into Pacl- and Bglll-digested
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pSWEET-bgaB (7) which contains a xylose-regulated expression system. The pbpl gene
in the resulting plasmid, pDPV146, was sequenced and found to be identical to the
sequence from the genome. The plasmid was linearlized at the PstI site in the vector and
used to transform PS832 to generate a xylAp-pbpl fusion at the amyE locus. The resulting
AmyE" and Cm® strain, DPVB210 (amyE::xylAp-pbpl), was obtained. As a control,
DPVB213 was generated by transforming PS832 using plasmid pSWEET-bgaB.
3. Enzyme assays, membrane preparation, and gel identification of PBPs

b-galactosidase assays of vegetative cells, sporulating cells, and germinating
spores were done by using the substrate o-nitrophenyl-b-D-galactopyranoside (43, 52)
and the activity was expressed in Miller units. Glucose dehydrogenase activity was
assayed as previously described (43).

For small-scale membrane preparation, strains were grown in 2xSG medium at
37°C to an OD of 0.1. Then xylose was added to the culture to a final concentration of
2%, and incubation was continued until the OD reached 1.0. Membranes were prepared

as previously described (49). PBPs were detected using 125

I-labeled penicillin X as
previously described (36).
4. Immature forespore and spore peptidoglycan structure analysis.

Hexosamines were assayed as described (37). The preparation and analysis of
immature forespore PG were performed as described in detail previously (37). Spore PG

structure were determined as described (47). The analysis of the chromotagrams was

done using Powerchrom V2.2.2 software on a Machintosh OS 9.1 computer.
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5. Other phenotypic and biochemical assays.
Dipicolinic acid (DPA) accumulation was assayed as previously described (43).

An assay of spore heat resistance was carried out as described previously (49).
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Table 5. Bacillus subtilis strains and plasmid used

Strains Genotype® Construction Source or reference
DPVB45 DpbpG::Kn (36)
DPVB56  DpbpG::Kn DpbpF::Erm" (36)
DPVB64  spoVD::Kn Laboratory stock
DPVB160 Dpbpl::Erm" pDPV114—PS832 This work
DPVBI169 pbpl-lacZ pDPV126—PS832 This work
DPVB176 Dpbpl::Erm" spoVD::Kn DPVB160—DPVB64 This work
DPVBI183  pbpl-lacZ DPVB169—PY79 This work
DPVBI184  spollAC1 pbpl-lacZ DPVB169—SC1159 This work
DPVBI185  spollGB::Tn917Whv325 pbpl-lacZ DPVB169—SC137 This work
DPVBI186  spolllGD1 pbpl-lacZ DPVB169—SC500 This work
DPVB198 Dpbpl::Erm" DpbpG::Kn DPVB45—DPVB160 This work
DPVB199 Dpbpl::Erm" pbpF::Cm PS1838—DPVB160 This work
DPVB200 Dpbpl::Erm" DpbpG::Kn pbpF::Cm PS1838—DPVB199 This work
DPVB210  xylAP-pbpl at amyE pDPV146—PS832 This work
DPVB213  xylAP-bgaB at amyE pSWEET-bagB—PS832  This work
PS832 Wild type, trp* revertant of 168 Laboratory stock
PS1838 pbpF::Cm (52)
PY79* wild type (45,71)
SC137°® spollGB::Tn917Whv325 S. Cutting (45)
SC500* spollIGD1 S. Cutting (45)
SC1159%  spollAC1 S. Cutting (45)
Plasmid Construction or description of uses Source or reference
pDG646 Carrying Erm" cassette 1)
pDPC87 B. subtilis integrating /acZ trascriptional fusion vector (52)
pDPV107  Upstream, downstream, and coding region of pbpl in pPGEM-T This work



pDPV114  Deletion of pbpl and the replacement of Erm' cassette, pPDPV107 This work
digested with Smal and Hindlll, ligated with a 1603 EcoRV-
Hindlll bp Erm" cassette from pDG646

pDPV126  Ppbpl-lacZ, pDPC87 carrying 975 bp EcoRI-Hindlll fragment of =~ This work

pbpl from pDPV107

pDPV146  xylAP- pbpl, pSWEET carrying 1819 bp Pacl-BamHI PCR This work
fragment of pbpH
pJF751 B. subtilid integrating lacZ fusion vector (18)
(45)
PSWEET-  xylAP- bgaB, pSWEET carrying bgaB (@)
bgaB

* Genetic background is PY79. The other strains' genetic background is PS832
b Abbreviations for antibiotic resistance: Cm, chloramphenicol; Erm', lincomycin and erythromycin; Kn, kanamycin;

Sp, spectinomycin..
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Table 6. Primer sequences

Name | Primer sequence Restriction | Uses Position in chromosome
enzyme site
added
pbpll 5" AGA GGG CCG CGT GAC GACTCT For constructing | -345 upstream of pbpl
TG pDPV103
pbpI2 5' ATC AGA GTC AGA AGA CTT CTC For constructing | 355 downstream of pbpl
AG pDPV103
pbpla 5'CGG AAT TC*A GAG GGC CGC GTG | EcoRI LacZ fusion -345 upstream of pbpl
ACGACTCITG
pbpl5 5'GCG CTT AAT TAA* CAC AAT GTG Pacl PSWEET-yrrR -25 upstream of pbpl
GGT GAG GTG TTT
pbpl3 5' CGG GAT CC*T TAA CAT GTG CTG BamHI PSWEET-yrrR 26 downstream of pbpl

AGA AGT TG

* The added restriction enzyme site.
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Results

Identification of the pbpl gene

A sequence alignment of the predicted product of pbpl against a microbial protein
database was done using the BLAST software (1). The most similar proteins in B. subtilis
are the high-molecular-weight class B PBPs, among which SpoVD is the most similar
one (27% identical and 42% similar). In E. coli the most similar protein is PBP3 (22%
identical and 38% similar). SpoVD is transcribed from a sigmaE-dependent promoter in
the mother cell of a sporulating sporangium and is required for synthesis of the modified
peptidoglycan of the spore cortex (14). PBP3 of E. coli, the gene product of pbpB (ftsl), is
a class B PBP and is essential for synthesis of septal peptidoglycan during cell division
(59). These data suggest that the product of pbpl belongs to the group of genes required
for synthesis of the spore or septum PG.
Construction of an inducible xylAp-pbpI and identification of the product of pbpl

Plasmid pSWEET contains a xylose-dependent expression system that can
integrate into the chromosome of B. subtilis at the amyE locus. In order to clone the
whole coding sequence of pbpl into the plasmid, two primers were designed and the gene
was PCR-amplified and ligated into the digested vector. Thus we constructed the plasmid
pDPV146 (pSWEET-pbpl) in which pbpl is under the control of the xylose-regulated
promoter. Then pDPV 146 was linearized and used to transform strain PS832 to produce
strain DPVB210 (amyE::xylAp-pbpl). Pbpl was over-expressed upon the addition of
xylose. Plasmid pSWEET-bgaB was linearized and used to transform PS832 to produce
strain DPVB213 (xylAp-bgaB) as a control. 2% xylose was added to cultures at an OD of

0.1 and membranes were prepared following growth to an OD of 1.0. Radioactively-
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labeled penicillin was used to visualize the PBPs present in xylose-induced DPVB210,
DPVB213, and our wild type PS832. In DPVB210 (over-expressing pbpl) we identified a
new PBP with an apparent mass of 65 kDa which matches the predicted molecular mass
of the pbpl product (65.3 kDa) (Fig. 11). This PBP appeared to be the product of pbpl
and we will refer to it as PBP4b since it runs just underneath PBP4. This follows the
convention of naming PBPs based upon their position on an SDS-PAGE gel.
Expression of pbpl

A PCR amplified fragment containing 622 bp of the N-terminal coding region and
345 bp upstream of pbpl was used to generate a transcriptional lacZ fusion. This
construct was transformed into B. subtilis PS832 to allow the lacZ fusion to recombine
into the pbpl locus in the chromosome via a single crossover, producing strain DPVB169.
To determine at which stage of the B. subtilis life cycle that pbpl was expressed, the
activity of b-galactosidase in vegetative cells, sporulating cells, and outgrowing spores

was assayed (Fig. 12).
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Fig. 11. Identification of Pbpl. Membranes were purified from cultures at an OD
of 1.0 and were incubated with '*’I-labeled penicillin X. Proteins were separated on an
SDS-7.5% PAGE gel, and PBPs were detected using a phosphorimager. Lane 1,
DPVB210 (over-expressed pbpl); lane 2, DPVB213 (over-expressed BgaB); lane 3,
PS832 (wild-type). Calibrated molecular mass standards (MWM; in kilodaltons) were

Bio-Rad low-range-prestained SDS-PAGE standards.
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Fig. 12. Expression of a pbpl-lacZ fusion. (A) Expression during vegetative
growth and sporulation in 2xSG medium at 37°C. The beginning of the sporulation was
at 210 min. (B) Expression during spore germination and outgrowth in 2xYT medium
with 4 mM L-Ala at 37°C. Symbols: 9, wild type (strain PS832);M, pbpl-lacZ (strain

DPVB169).
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Analysis of b-galactosidase expression demonstrated that the transcription of pbpl
was very low compared to that of several other PBP-encoding genes (50, 52, 53).
Expression of pbpl was not observed during vegetative growth and germination, but only
during sporulation. After sporulation for about 2 hours, its expression reached the highest
level. Sporulation is regulated temporally and spatially by four sigma factors. Sigma
factor F is the first one working specifically in sporulation, followed by the sequential
activation of sigma factors E, G, and K. Based on its expression time, we predicted that
pbpl was expressed under the control of sigma factor E or F. Examination of the
sequence of the region upstream of pbpl suggested that a sigma F recognition site was

present (Fig. 13).

Sigma factor dependence of the expression of pbpl

To understand which sigma factor controls the expression, the pbpl-lacZ tusion
was introduced into strains that contained null mutations affecting sigma factors E, F, or
G (Fig. 14). In spollGB (encoding sigma factor E) and spolllG (encoding sigma factor G)
strains, there was no significant difference in the timing and the level of the expression of
pbpl comparing to that in the wild type strain. In contrast, the mutation in spollAC
(encoding sigma factor F) completely abolished the expression. These results indicate
that the expression of pbp! is mainly dependent on sigma factor F and the putative sigma
F recognition site is probably the promoter of pbpl. To confirm this primer extension

analysis will be done in the future.
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TTCATAATATCTGTTTAGCAGCGAAACACCTCGTCCACAATGTGGGTGAGGTGTTTTTTTATGAAGATATCGAAACGAATGAAGCTGGCAGTCATCGCTTTTTTGATTGTATTT

] |_O| | o | M K 1 § KR MK L AV I AF L I VF
-1 RBS

-35
CONSENSUS GywTA GgnriAnAnTw

Fig. 13. Nucleotide sequence of the upstream region and the beginning of
pbpl. Amino acids are placed below the center nucleotides according to their coding
sequences. Brackets indicate the predicted "-35" and "-10" sigma F recognition sites and

ribosome binding site. The consensus sigma F recognition sequences are from (23).
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Fig. 14. Sigma factor dependence of pbpl expression. The expression of pbpl-
lacZ in wild type (DPVBI183), a sigma F mutant (DPVB184), a sigma E mutant
(DPVBI185), and a sigma G mutant (DPVB186) was determined. Strain PY79 contained
no lacZ fusion and revealed the background activity produced by B. subtilis. Sporulation

initiated at approximately 200 minutes.
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Phenotypic properties of pbpl single mutant and multiple mutants

To identify the function of pbpl, we constructed a mutant strain containing a pbpl
deletion (DPVB160). PBPs of the same class within a cell frequently exhibit functional
redundancy, so we constructed a double mutant strain containing the pbpl mutation along
with a null mutation in spoVD, the only other class B-encoding gene specifically
expressed during sporulation (14). pbpF and pbpG are two genes encoding class A PBPs
that are expressed specifically within the forespore. A double mutant lacking pbpF and
pbpG produces defective spore PG. Since pbpl is also expressed within the forespore, we
were interested to see if a combination of pbpl and pbpF or pbpG mutations would affect
spore PG synthesis. Multiple mutants of pbpl and these two genes were also studied.
Phenotypic properties, including growth rate, cell morphology, sporulation efficiency, PG
structures of both the vegetative cell and spore cortex, spore heat resistance, spore
germination rate, and the rate of spore outgrowth, were studied.

Phenotypic studies of a pbpl single mutant, a pbpl pbpG double mutant and a
pbpl pbpF double mutant. There were no significant changes in growth rate of the

mutant strains (Table 7) (a difference of 1 or 2 minutes is within the experimental error).
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Table 7. Growth and sporulation of pbpl mutant strains

Generation Cell counts (x10° cfu/ml)
Strains Genotype® Time
(min) Viable  Chloroform- Heat-
resistant resistant

spores spores
PS832 Wild type 19.5 2 2 3
PS1838 ApbpF::Cm 18.75 2 2 3
DPVB45 ApbpG::Kn 19.5 2 2 2
DPVBI160 ApbplI:.erm' 19.75 2 2 2
DPVB198  ApbpG::Kn Apbpl:: erm' 19.5 2 2 2
DPVBI199  ApbpF::Cm Apbpl:: erm" 19 2 2 3

* Abbreviations for antibiotic resistance: Cm, chloramphenicol; Erm’, lincomycin and erythromycin; Kn, kanamycin.
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Cell morphology was studied by examining the vegetative cells and the
germinating spores under the phase-contrast microscope. No distinguishable difference
was found between the mutants and the wild type (data not shown). Sporulation
efficiency was assayed by determining the numbers of chloroform- and heat-resistant
spores per ml of the culture after sporulation for 24 hours. The results showed that all
three mutants sporulated as efficiently as the wild type (Table 7). To determine spore heat
resistance more precisely, the purified spores were heated in water at 80°C for various
times and the cfu/ml were determined. The cfu/ml was divided by the cfu/ml of the non-
heated sample and this value was graphed against time (Fig. 15). D values (the time
required to reduce viability 10-fold) were determined from the curves: 24 min, 14 min, 14
min, 26 min, 33 min, and 20 min for PS832, DPVB160, DPVB198, DPVB199, DPVB45
and PS1838, respectively. There was no significant difference among the death rates of
these strains.

Spore germination and outgrowth was examined by first heat-activating the spores
for 30 minutes at 65°C, and then germinating them in 2xYT medium containing L-Ala
while measuring the OD changes over time. The curves showed the kinetics of
germination and outgrowth (Fig. 16). All mutants’ spores were able to initiate spore
germination as demonstrated by the decreases in OD of spore suspensions. The
germination kinetics of the mutants were very close to those of the wild type. The

outgrowth kinetics were indistinguishable from that of the wild type.
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Fig. 15. Heat-killing of wild type and mutant spores. The assay was done by
heating the spore suspensions of pbpl (DPVB160), pbpl pbpG (DPVBI198), pbpl pbpF
(DPVB199) strains and control strains, which were wild-type (PS832), pbpF (PS1838)
and pbpG (DPVBA45), at 80°C for various time, plating the heated suspensions on LB

plate and calculating the cfu/ml.
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Fig. 16. The germination and outgrowth kinetics of wild type and mutant

spores. The spores were heat activated and germinated in 2xYT medium with 4 mM L-

Ala. The germination and outgrowth of spore suspensions of mutant strains pbpl

(DPVB160), pbpl pbpG (DPVB198), pbpl pbpF (DPVB199) had no difference to those

of control strains, wild-type (PS832), pbpF (PS1838) and pbpG (DPVB45).
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To determine if there were any changes in the spore cortex structure of our mutant
strains, PG was purified from each of the spore preparations. Muropeptides obtained from
the PG were analyzed by reverse-phase HPLC, and the derived structural parameters of
the PG are shown in Table 8. The overall structure of the spore PG of the pbpl, pbpl
pbpF, and pbpl pbpG mutant strains was almost identical to that of the wild type.
Phenotypic studies of a pbpl spoVD double mutant and a pbpl pbpF pbpG triple
mutant. To help understand the physiological significance of pbpl during the
sporulation, forespore PG synthesis during the sporulation was analyzed in cultures of a
pbpl single mutant (DPVB160), a pbpl spoVD double mutant (DPVB176) and a pbpl
pbpF pbpG triple mutant (DPVB200) and compared to the control wild type (PS832),
spoVD (DPVB64), and pbpF pbpG (DPVBS56) strains, respectively. Sporulation
biochemical markers were analyzed in the cultures of each strain and its control in order
to match their progression through the sporulation process. The DPA contents at each
time point were compared between the pairs and they were at similar levels for strains in
a pair (data not shown). The amount of spore PG produced during the sporulation was
assayed by determination of the muramic acid content of culture samples. There were no
significant differences between the strains in each pair (data not shown). The PG
structural analyses demonstrated that throughout sporulation, the pbpl strain produced
spore PG with structural parameters similar to those found in the wild type (Table 9). The
pbpl spoVD strain produced spore PG with structural parameters similar to those found in
the spoVD strain. The pbpl pbpF pbpG triple mutant produced spore PG with similar
parameters to those found in pbpF pbpG strain. These results indicate that PBP4b plays a

redundant role.
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Table 8.

Structural parameters for the spore cortex PG of various strains

Strain Genotype® % Muramic acid with
Side chains of Cross-link
lactam alanine tripeptide tetrapeptide
PS832 Wild type 49.4 20.4 1.4 28.9 3.1
PS1838 ApbpF::Cm 49.8 19.4 0.8 29.9 3.2
DPVB45 ApbpG::Kn 49.1 20.3 1.7 28.9 33
DPVB160 Apbpl::erm’ 493 16.7 1.3 32.7 3.6
DPVBI198 ApbpG:Kn Apbpl::erm’  48.6 18.1 1.3 32.0 3.4
DPVB199 ApbpF::Cm Apbpl:: erm" 49 5 18.1 1.0 314 3.3

* Abbreviations for antibiotic resistance: Cm, chloramphenicol; Erm', lincomycin and erythromycin; Kn,

kanamycin.
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Table 9. Structural parameters for the forespore PG of various strains

Strain Time in % Muramic acid with % tripeptide
sporulation Side chains of cross-linked
(hours) Lactam alanine tripeptide tetrapeptide  Cross-link
PS832 4.75 11.9 44.1 38.6 5.5 1.4 25
(wild type) 5 153 48.2 31.1 5.4 1.2 2.0
5.25 19.6 454 29.6 5.4 2.0 44
5.5 26.4 44.4 23.7 5.5 23 5.8
5.75 32.3 452 17.4 5.1 1.9 5.1
6 39.3 44.5 10.5 5.8 2.1 10.7
6.5 432 323 7.1 17.4 22 9.8
7 443 30.2 5.1 20.5 25 12.7
7.5 449 27.4 44 233 2.8 17.1
8 454 27.5 4.0 23.1 2.8 20.2
24 47.7 19.1 2.7 30.5 3.7 40.0
DPVBI160 4.75 9.2 432 44.1 3.6 1.2 2.0
(pbpl) 5 15.2 44.0 36.3 4.5 1.9 3.7
5.25 18.6 44.8 315 5.1 2.6 6.3
5.5 25.6 432 24.7 6.5 3.6 11.3
5.75 29.6 42.7 20.2 7.5 3.9 15.2
6 38.4 40.6 12.2 8.8 43 20.9
6.5 42.5 32.0 7.3 18.2 22 7.3
7 43.8 30.6 5.4 20.2 25 11.7
7.5 44.5 28.3 4.7 22.5 2.8 18.2
8 44.7 29.7 44 21.1 2.7 19.7
24 47.2 21.1 2.8 28.9 3.9 41.5
DPVBI176 4.75 0.0 17.4 59.4 232 0.8 0.7
(pbp! 5 0.2 18.0 55.8 26.0 1.2 0.8
spoVD) 5.25 0.0 18.8 55.5 25.7 1.1 0.7
5.5 0.9 17.1 52.0 30.0 1.6 1.2
5.75 1.3 17.8 51.6 29.4 1.8 1.5
6 0.8 17.6 53.2 28.3 1.7 1.4
6.5 1.8 16.0 51.6 30.6 1.9 1.7
7 33 243 46.7 25.7 1.6 0.9
7.5 7.0 20.4 56.7 15.9 2.6 25
8 9.1 24.0 43.3 23.6 2.2 2.8
DPVB64 4.75 1.0 6.4 65.0 27.6 1.4 1.3
(spoVD) 5 0.6 6.4 68.7 243 1.2 1.1
5.25 1.0 7.5 69.2 222 1.5 1.4
5.5 0.6 17.8 55.2 26.4 1.6 1.5
5.75 1.5 18.2 58.9 21.5 1.7 1.7
6 1.4 15.2 522 31.1 1.9 1.7
6.5 3.6 18.8 55.5 22.1 2.1 2.0
7 6.4 20.7 553 17.6 22 23
7.5 7.3 19.7 53.2 19.8 2.4 2.5
8 8.6 20.8 50.1 20.5 2.2 2.7
DPVB200 4.75 0.2 1.5 67.8 30.5 5.0 7.2
(pbpI pbpF 5 0.1 1.4 67.6 31.0 4.6 6.5
pbpG) 5.25 0.7 2.0 63.7 33.6 8.2 11.8
5.5 1.1 1.7 61.6 35.6 83 12.2
5.75 2.4 2.1 53.0 42.4 10.4 16.6
6 4.1 32 44.6 48.1 8.3 14.7
6.5 7.0 4.1 24.6 64.4 9.7 24.7
7 8.3 3.0 16.4 72.3 10.3 345
7.5 10.7 4.1 13.6 71.5 11.1 40.1
8 12.9 4.6 11.1 71.4 11.5 44.9
DPVB56 4.75 1.7 3.8 66.6 27.9 7.0 8.4
(pbpF pbpG) 5 1.7 4.1 64.4 29.7 8.1 8.9
5.75 43 4.0 50.2 41.5 7.0 11.5
6 7.7 5.0 323 55.1 8.9 19.5
6.5 9.0 4.8 19.7 66.6 10.2 323
7 10.0 4.5 14.7 70.8 10.5 40.8
7.5 12.2 5.1 12.8 70.0 10.7 442
8 14.4 5.4 12.1 68.1 11.0 45.8
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Discussion

The identification and characterization of pbpl was carried out through the study
of the putative coding sequence of the gene and the construction and analysis of a series
of B. subtilis mutant strains and strains with altered gene expression.

Studies of a transcriptional pbpl-lacZ fusion demonstrated that pbpl is expressed
under the control of sigma factor F. Thus, pbpl is expressed in the forespore during
sporulation. The difficulty in assessing the function of pbpl is due to the fact that the
PBPs within a species often possess at least partially redundant enzyme activities (46, 54,
72). Since pbpl is controlled by sigma F and expressed in sporulation, we constructed
multiple mutant strains containing a mutation in pbpl and other sporulation-specific PBP-
encoding genes and studied their phenotypes. No reproducible differences could be found
between the spore PG produced by pbpF pbpG and pbpF pbpG pbpl strains. The pbpF
and pbpG products are class A PBPs that are expressed only in the forespore (45, 52). In
a pbpF pbpG strain the germ cell wall is apparently abnormal, though this is not obvious
from analyses of immature forespore PG, and this results in abnormal synthesis of the
cortex PG (36). If we accept a model suggesting that class B PBPs, such as PBP4b,
function in complex with the class A PBPs and simply cross-link the glycan strands
produced by those enzymes, then it would be no surprise that in their absence PBP4b
would have no effect. If PBP4b cannot bind to a class A PBP and arrive at the site of
polymerization of nascent PG strands then it cannot effect their cross-linking.

No changes were detected in the cross-linking of the spore PG produced by a pbpl
spoVD strain relative to that of the spoV’D mutant. In the absence of SpoVD essentially

no spore cortex PG is synthesized ((14) and D.L. Popham, unpublished). The PG that is
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recovered from developing forespores of this strain is therefore indicative of the germ
cell wall structure. In the absence of the cortex PG, it is simpler to observe changes in the
germ cell wall structure. The same level of cross-linking upon loss of pbpl in this
background suggests that PBP4b is not involved or plays a redundant function in cross-
linking the germ cell wall PG that is polymerized by the pbpF and/or pbpG products. The
fact that the germ cell wall PG is still cross-linked suggests that the transpeptidase
domains of the pbpF or pbpG products are carrying out some cross-linking, or that
another class B PBP, remaining from expression in the vegetative cell and enclosed in the
forespore during the sporulation septation event, is capable of participating in germ cell

wall PG cross-linking.
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Conclusions

A sequence alignment of the predicted product of pbpl against the microbial
protein database demonstrated that the most similar protein in B. subtilis is SpoVD and in
E. coli is PBP3. This suggested that Pbpl belongs to the group of the genes required for
synthesis of the spore or septum PG. Pbpl was identified using radio-labeled penicillin
and found to run underneath PBP4 on SDS-PAGE. Pbpl is therefore renamed PBP4b.
Study of a pbpl-lacZ fusion showed that pbpl was expressed predominantly during early
sporulation. A putative sigma F recognition site is present in the region upstream of pbpl
and studies using mutant strains lacking sporulation-specific sigma factors demonstrated
that the expression of pbpl is mainly dependent on sigma factor F. A pbpl single mutant,
a pbpl pbpG double mutant, and a pbpl pbpF double mutant were indistinguishable from
the wild-type. The sporulation defect of a pbpl pbpF pbpG triple mutant was
indistinguishable from that of a pbpF pbpG double mutant. Structure parameters of the
forespore PG in a pbpl spoVD strain are similar to that of a spoVD strain. These results

indicate that PBP4b plays an unknown or redundant role.
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