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(ABSTRACT)

Bacterial spore peptidoglycan (PG) is very loosely cross-linked relative to

vegetative PG.  Theories suggest that loosely cross-linked spore PG may have a

flexibility which contributes to the attainment of spore core dehydration.  The structure of

the PG found in fully dormant spores has previously been examined in wild type and

many mutant strains.  These analyses showed little correlation between the degree of

spore PG cross-linking and core dehydration.  However, these studies only examined the

structure of PG from dormant spores and did not allow for the structural analysis of spore

PG during sporulation when actual spore PG synthesis and core dehydration occur.

Structural analyses of developing spore PG from wild type Bacillus subtilis and

eight mutant strains are included in this study.  Structural analyses of developing spore

PG suggest the following: a) the germ cell wall PG is synthesized first next to the inner

forespore membrane; b) cross-linking is relatively high in the first 10% of spore PG

synthesized; b) a rapid decrease in cross-linking is observed during synthesis of the next

20% of the spore PG; and c) this decrease is followed by an eightfold rise in the degree of

cross-linking during synthesis of the final 70% of the spore PG.  This increasing gradient

of cross-linking was previously predicted to contribute to the attainment of spore core
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dehydration.  However, analyses of mutant strains indicate this cross-linking gradient is

not required for the attainment of spore dehydration.
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CHAPTER ONE

Review of the Literature

Stages of sporulation

Sporulation is a cellular differentiation process that certain Gram-positive

bacteria, such as Bacillus and Clostridia, undergo in response to adverse environmental

conditions.  Sporulation results in the formation of a metabolically dormant cell known as

an endospore that is resistant to severe physical and chemical conditions.

Sporulation begins with an asymmetric septation in which the cell is divided into

two compartments known as the mother cell and the forespore (Fig. 1).  The forespore

will develop into the mature endospore.  Each compartment has a complete copy of the

genome.  Differential gene expression in the two separate compartments is achieved by

the coordinated expression of different sigma factors that recognize specific promoters in

each compartment (7).  This differential gene expression is required for proper spore

formation and certain spore properties.  For example, synthesis of coat proteins and

dipicolinic acid (DPA) occurs only in the mother cell compartment, whereas small acid-

soluble proteins (SASPs) and glucose dehydrogenase (GDH) are synthesized only in the

forespore compartment of the differentiating cell.  DPA is actively transported into the

forespore where it is involved in mineralization of the spore (28).  DPA chelates calcium

and is involved in the accumulation of calcium in the forespore.  The complex of DPA
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Fig. 1.  Bacillus subtilis life cycle

sporulationvegetative
growth

germination
and

outgrowth

mother
cell

forespore



3

and calcium is thought to complex with proteins in the forespore during dehydration and

is suggested to have a role in stabilizing protein structure in the mature spore (28).

SASPs protect the DNA in the mature spore, thereby contributing to spore UV resistance

(28).  GDH activity increases throughout the period of sporulation, but the role of GDH

in the forespore is unknown.

Asymmetric cell division is followed by engulfment of the smaller forespore by

the larger mother cell.  The forespore is surrounded by two membranes following

engulfment, termed the inner forespore membrane and the outer forespore membrane.

Spore peptidoglycan (PG) synthesis occurs within this intermembrane space in the

absence of a pre-existing template.  Layers of proteins known as coat proteins are then

deposited around the developing spore.  Coat proteins function to protect the spore by

limiting permeability and confer lysozyme resistance.  The final stage in sporulation is

the lysis of the mother cell and release of the mature spore.  (Reviewed in 4, 9)

Spore PG

Electron microscopy indicates that spore PG consists of two layers of PG: a

thinner inner layer called the germ cell wall and a thicker outer layer termed the cortex

(Fig. 2).  The germ cell wall is found next to the inner forespore membrane.  The

structure of the germ cell wall is believed to be similar to that of vegetative PG (31) and

may have higher levels of tripeptide side chains than cortex PG (1).  Functionally, the

germ cell wall is defined as the initial cell wall following spore germination and possibly

as a template for the synthesis of vegetative PG.  It has also been suggested that germ cell
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Fig. 2.  Model of a mature spore

Figure 2.  Abbreviations:  GCW, germ cell wall; IFM, inner forespore membrane; OFM,
outer forespore membrane.

IFM
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wall PG is synthesized from precursors made in the forespore, but this has not been

clearly demonstrated (31).  Cortex PG is synthesized between the germ cell wall and the

outer forespore membrane from precursors that are made in the mother cell and

transported across the outer forespore membrane into the intermembrane space (6, 31).

Structure of dormant spore PG

Warth and Strominger first determined the structure of vegetative and spore PG in

Bacillus subtilis (35-37).  Vegetative PG of B. subtilis is composed of disaccharide units

of alternating N-acetylglucosamine (NAG) and N-acetylmuramic acid (NAM) residues

that are polymerized into glycan strands by a transglycosylase.  Each NAM residue has a

pentapeptide side chain that can be utilized in the cross-linking of the glycan strands.

The pentapeptide is composed of L-alanine, D-glutamate, meso-diaminopimelic acid

(Dpm), D-alanine, D-alanine.  Cross-linking involves removal of the terminal D-alanine

by a transpeptidase and the formation of a new peptide bond between the second D-

alanine residue of the peptide side chain and the Dpm residue of a peptide side chain on

another strand (Fig. 3).  Penicillin-binding proteins (PBPs) are a family of enzymes

involved in PG synthesis (reviewed in (10, 38).  PBPs are generally divided into three

classes of proteins known as the class A and class B high-molecular-weight (MW) PBPs

and the low-MW PBPs.  The class A high-MW PBPs possess both the transglycosylase

and transpeptidase activities responsible for the polymerization of the disaccharide units

into glycan strands and for the cross-linking of the glycan strands to one another (Fig. 3).

Class B high-MW PBPs exhibit only transpeptidase activity.  The low-MW PBPs are
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Fig. 3.  Biochemical structure of spore peptidoglycan

Figure 3.  Abbreviations:  NAG, N-acetylglucosamine; NAM, N-acetylmuramic acid; ala, alanine; glu, glutamate; Dpm,
diaminopimelic acid.
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most frequently D,D-carboxypeptidases that are involved in removal of the terminal D-

alanine(s).  Low-MW PBP enzymatic activity limits the amount of peptides available to

participate in cross-linking and can thereby decrease the overall percentage of cross-

linking.

The structure of B. subtilis dormant spore PG has recently been studied in more

detail using reversed-phase high-performance liquid chromatography (HPLC), amino

acid analysis, and mass spectrometry (2, 21).  The structure of dormant spore PG (Fig. 3)

differs from that of vegetative PG in several ways.  The most dramatic difference in spore

PG is the appearance of muramic-δ-lactam which is formed following the complete

removal of the peptide side chains from 50% of the muramic acid residues.  The

remaining 50% of the NAM residues have been partially cleaved: 24% of the NAM

residues appear with only a single L-alanine side chain, 24% have tetrapeptide side

chains, and 2% have tripeptide side chains.  A result of this removal of the peptide side

chains is that only 4% of muramic acid residues are cross-linked whereas 40% are cross-

linked in vegetative PG.  (2, 21, 35-37)

Muramic -δ-lactam is specific for cortex PG

The complete cleavage of the peptide side chains and the resulting cyclization to

form muramic-δ-lactam is specific for cortex PG as opposed to germ cell wall PG (2, 22).

Autolysins are PG lytic enzymes.  Germination lytic enzymes are autolysins that

specifically degrade cortex PG during germination.  The germ cell wall apparently does

not contain muramic lactam and is not targeted by germination lytic enzymes.  Evidence
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suggests that the presence of muramic lactam in cortex PG may be a specificity

determinant for the autolysins (2, 21).  Mutant strains of B. subtilis that do not contain

muramic lactam in the cortex PG are unable degrade cortex PG and cannot complete

germination (2, 21, 27).

Spore PG and spore core dehydration

Cortex PG is clearly required for the maintenance of spore core dehydration (22).

Degradation of the cortex during germination or with lysozyme results in the rehydration

of the spore core (22).  The relative dehydration of the spore core is directly related to

spore heat and chemical resistance (3, 17, 25).  There are theories that suggest that spore

PG may also be involved in the attainment of core dehydration (15, 34).  The decreased

number of peptide side chains in spore PG results in an overall lower degree of cross-

linking.  Theories suggesting that a mechanical activity of spore PG may contribute to the

attainment of spore core dehydration are dependent on the low cross-linking of spore PG

(15, 20, 34).  The possible role of spore PG in the attainment of core dehydration is

supported by the observation that loosely cross-linked PG is highly flexible and is

capable of expanding and contracting in response to ionic changes (18).  It has been

demonstrated that B. subtilis spore PG is loosely cross-linked (2, 21, 35, 37).  Lewis et al.

suggested that the spore PG may contract in response to ionic changes in the environment

and could thereby exert pressure on the spore core to achieve dehydration (15).  Warth

proposed the anisotropically expansive cortex theory that suggests that spore PG expands

radially, with at least part of that expansion directed inward, and thereby exerts pressure

on the spore core to achieve core dehydration (34).
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A recent theory on the attainment of spore core dehydration proposes that there is

a spatial gradient of cross-linking across the glycan layers of B. subtilis spore PG in

which the innermost layers of spore PG are most loosely cross-linked and the outermost

layers are most highly cross-linked.  A model of spore PG synthesis and attainment of

spore core dehydration was proposed in which the gene products of dacB and dacF are

responsible for generating the gradient of cross-linking (outlined in Figure 4) (20).  The

product of dacB is expressed only during sporulation, is expressed only in the mother cell

compartment, and encodes the low-molecular weight penicillin-binding protein 5*

(PBP5*) which is a known D,D-carboxypeptidase (30, 32).  The product of dacF is

expressed only during sporulation, is expressed only in the forespore compartment, and is

a suspected D,D-carboxypeptidase based upon sequence similarities (39).  Both DacB

and DacF have signal peptides that should direct the proteins across the outer and inner

forespore membranes, respectively (5, 39).  The signal peptide for DacB is at the amino-

terminus of the protein and is cleaved.  However, DacB still remains associated with the

outer forespore membrane, apparently due to hydrophobic interactions of a predicted α-

helix at the carboxyl-terminus (5).  The product of dacF has not been isolated, so it is

unknown if the amino-terminus is cleaved like for DacB.  However, DacB and DacF do

share a similar carboxy-terminal putative α-helix motif.  Therefore, it is assumed that

DacB and DacF are associated with the outer and inner forespore membranes,

respectively.

The model of spore PG synthesis proposes that the germ cell wall is made first

adjacent to the inner forespore membrane.  The cortex is then synthesized from the
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Fig. 4.  Gradient of cross-linking model of spore PG synthesis and attainment of spore core dehydration (20)

Figure 4.  Abbreviations:  B, the product of the gene dacB (DacB); F, the product of the gene dacF (DacF).
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mother cell side (6, 31) first adjacent to the germ cell wall and then progressing from the

inside of the forespore towards the outside.  The D,D-carboxypeptidase activities of both

DacB and DacF affect the first layers of spore PG made which results in low cross-

linking of the innermost layers of cortex PG.  As forespore PG synthesis progresses

outward, the effects of DacF are diminished either due to the distance between the inner

forespore membrane and the outer layers of PG, decreased expression of dacF, or protein

degradation.  Only the activity of DacB would be responsible for determining the degree

of cross-linking after the effects of DacF are reduced.  Additionally, the effects of DacB

would also have to be reduced over time in order to generate this gradient.  It has been

shown that transcription of dacB decreases around the time of initiation of cortex

synthesis (29).  Therefore, the effects of DacB may also diminish due to decreased

expression or protein degradation as cortex PG synthesis continues to progress outwards.

This would result in a higher degree of cross-linking in the outermost layers of cortex PG.

This type of structure could have characteristics that are similar to that of the

anisotropically expansive cortex model proposed by Warth (34).  Loosely cross-linked

PG is more flexible than highly cross-linked PG (18).  If this proposed structure does

expand in response to ionic changes in its environment, then the more loosely cross-

linked inner layers will expand more than the highly cross-linked outer layers.  This

expansion will be directed inwards and could create pressure on the core that may be

responsible for dehydration of the spore core.  (20)

Structure of dormant spore PG in mutant strains of Bacillus subtilis
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Methods for the rapid analysis of dormant spore PG structure using reversed-

phase HPLC has allowed for the analysis of the spore PG structure from several mutant

strains of B. subtilis.  Strains of B. subtilis with mutations in either Class A high-MW

PBPs or low MW-PBPs have been studied.  Single mutations in the ponA, pbpD, and

pbpF genes encoding class A high-MW PBPs resulted in no effect on the structure of

dormant spore PG (21).

Single and multiple mutations in genes encoding low-MW PBPs were also

constructed in B. subtilis and PG from dormant spores was isolated and analyzed.  The

gene dacA encodes PBP5 which is a major D,D-carboxypeptidase involved in vegetative

PG synthesis (33).  Dormant spore PG isolated from a mutant strain that lacks the gene

dacA contained approximately two-fold fewer NAM residues with a tripeptide side chain

than the wild type strain (20, 21).  Strains carrying null mutations in either dacC (19) or

dacF (39) produced spore PG with no significant structural changes (20).  The dacC (19)

gene is expressed only during early stationary phase.  The dacF gene is expressed only

during sporulation and only in the forespore compartment of the differentiating cell (39).

Spore PG isolated from a triple mutant that lacks dacA, dacC, and dacF had a similar

structure as spore PG isolated from dacA single mutant spores (20).

The gene dacB encodes PBP5*, which is a known D,D carboxypeptidase that is

expressed only in the mother cell compartment and only during sporulation.  A mutant

strain lacking the gene dacB produces spores that are delayed in spore outgrowth in

comparison to wild type spores (23).  These spores also have a slightly reduced heat

resistance, but exhibit no change in spore core dehydration as measured on wet density
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gradients (20, 23).  A reduced spore core wet density might be expected for dacB spores

since spore core dehydration is directly related to spore heat resistance.  It was

demonstrated that dacB spores were able to attain normal spore core dehydration, but

were heat sensitive due to the inability to maintain spore core dehydration during heating

(23).  Spore PG from the dacB mutant shows a considerable increase in the percentage of

peptide side chains available for cross-linking.  This increase in the percentage of peptide

side chains results in a corresponding decrease in NAM residues with L-alanine and a

greater percentage of peptides involved in cross-linking (20).  A dacB dacF double

mutant strain produces spores that are even more delayed in spore outgrowth and are less

heat resistant than spores from the dacB single mutant (20).  However, unlike dacB

spores, spore core dehydration is significantly reduced in spores from the double mutant

(20).  Spore PG from the dacB dacF double mutant is even more highly cross-linked than

spore PG from the single mutant strain (20).

Spore PG from B. subtilis strains with mutations in genes encoding autolysins has

also been analyzed (2, 21).  No spore PG structural changes (22) were associated with the

loss of autolysin genes cwlA (8, 11), cwlB (12, 14), cwlC (13), or cwlG (16, 26).    The

gene cwlD encodes a protein suspected to be a N-acetylmuramoyl-L-alanine amidase

based upon sequence similarities (27).  The gene product of cwlD is involved in the

synthesis of muramic lactam since loss of cwlD produces spores that lack muramic

lactam (2, 22).  Spore PG from a cwlD mutant strain also has a higher degree of cross-

linking, contains a low amount of pentapeptide side chains, and also contains glycine in

place of one alanine in a small percentage of the peptide side chains (2, 22).  These
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spores exhibit normal heat resistance and spore core dehydration, but are unable to

complete germination due to the inability to degrade cortex PG (22, 27).  The inability to

degrade cortex PG in the absence of muramic lactam suggests a role for muramic lactam

as a specificity determinant of cortex PG for germination lytic enzymes that specifically

degrade cortex PG during spore germination (2, 22).

Spores from a cwlD dacB double mutant strain have a combination of properties

observed in the cwlD and dacB single mutants (24).  Spores from the cwlD dacB mutant

strain have a slightly reduced heat resistance, to a degree similar to that observed in the

dacB single mutant, but no significant change in spore core dehydration.  Spore PG from

the cwlD dacB double mutant strain does not contain muramic lactam, as observed in

cwlD spore PG.  Spore PG from cwlD dacB dormant spores is more highly cross-linked

than dormant spore PG from cwlD and dacB single mutant spores (24), but not as highly

cross-linked as the dacB dacF double mutant strain (20).
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Plan of research

Previous studies on the structure of spore PG from B. subtilis only examined the

PG structure in dormant spores (2, 21).  Therefore, these studies did not allow for the

analysis of spore PG during sporulation when actual spore PG synthesis and spore core

dehydration occur.  Furthermore, the analysis of dormant spore PG did not allow for the

determination of temporal changes in PG structure.  Small changes in structure that might

have a significant effect on spore properties, if concentrated in one area of spore PG, also

cannot be observed.  A recent theory (20) suggests that a spatial gradient of cross-linking

across the layers of spore PG may be responsible for the mechanical activity theorized to

be necessary for the attainment of spore core dehydration (15, 20, 34).  It has been

demonstrated that some mutant strains of B. subtilis have a dramatically altered spore PG

structure, but no changes in spore core dehydration (21-23).  Such dramatic changes in

spore PG structure might have no effect on spore core dehydration if the theorized

gradient of cross-linking was not altered.

We have adapted the spore PG analytical method (2, 21) to examine the PG

structure in developing forespores of B. subtilis at each stage during its synthesis.

Determination of the spore PG structure during progressive stages of sporulation might

reveal either a temporal progression of any structural modifications or the spatial

distribution of such structural alterations.  We have also determined the temporal

correlation of changes in spore PG structure with other well-defined sporulation events:

appearance of glucose dehydrogenase (GDH) activity; accumulation of dipicolinic acid

(DPA); the appearance of spore heat resistance; spore core dehydration (determined by
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measuring protoplast wet density); and an increase in total cell hexosamine.  The

measurement of GDH activity is a biochemical marker for gene expression during early

sporulation.  The measurement of DPA accumulation is used as a biochemical marker for

late sporulation.  Heat resistance and spore core wet density are measured to demonstrate

the efficiency of sporulation in the B. subtilis culture and to provide a relative measure of

spore core dehydration.  Total hexosamine of the spore is measured to determine the total

amount of spore PG synthesized.  We have applied the structural analysis of wild type

spore PG to the analysis of forespore PG synthesis in eight mutant strains that have an

altered dormant spore PG structure and/or spore heat resistance.
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CHAPTER TWO

Materials and Methods

Bacterial strains and growth media

All strains described were derived from B. subtilis strain 168.  All cultures were

grown in 2xSG medium.  The concentration of glucose in the 2xSG medium was reduced

two-fold from the published value (4).  Cultures were induced to sporulate by the nutrient

exhaustion method (6).

Preparation and analysis of immature forespore PG

Samples for peptidoglycan analysis and biochemical assays were harvested from

sporulating cultures at 15 or 30 minute intervals.  Culture samples (30 ml) were

centrifuged at 8000 x g for 5 min at 20˚C.  The supernatant was discarded and the

pelleted cells were resuspended in 5 ml SMM protoplast solution (1).  To degrade the

mother cell wall, 25 mg lysozyme (Sigma) was added and samples were then incubated at

37˚C for 15 min.  The protoplasted cells were then added to 45 ml of boiling 4% sodium

dodecyl sulfate (SDS) (Sigma), 50 mM dithiothreitol (Labscientific, Inc.) solution and

boiled for 20 min.

Samples were cooled to room temperature and then transferred to a 30 ml

ultracentrifuge tube and centrifuged at 160,000 x g for 30 min at 25˚C.  The supernatant

was discarded and the samples were resuspended in 1 ml warm (60˚C) sterile water.  The

suspension was transferred to a 1.5 ml microfuge tube, boiled for 5 min to solubilize the

SDS, and then centrifuged at 21,000 x g for 20 min.  The supernatant was discarded and
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the washes were repeated until no SDS was detected (3).  The samples were then digested

with DNaseI (10µg) (Sigma) and RNaseA (50µg) (Sigma) at 37˚C for 2 hours in a total

volume of 1.0 ml of 100 mM Tris HCl pH 7.0, 20 mM MgSO4.  Trypsin (100µg)

(Worthington TPCK) and CaCl2 (10 mM final concentration) were added and incubation

at 37˚C was continued for 16 hours.  Samples were centrifuged (21,000 x g for 20 min),

the supernatant was discarded, and the samples were resuspended in 1.0 ml 1% SDS.

The samples were then boiled 20 min to inactivate the trypsin.  Samples were washed

with H2O as described above until no SDS could be detected.  The isolated spore PG was

then digested with 125 units of Mutanolysin (Sigma) in a total volume of 250 µl 12.5 mM

NaPO4 (pH 5.5) for 16 hours at 37˚C.  The solubilized muropeptides were prepared for

HPLC analysis as previously described (7).

Biochemical assays

GDH and DPA were assayed as previously described (6).  Spore heat resistance

was measured as described (8).  Water content of protoplasted cells was determined on

density gradients (Nycodenz, Sigma) as described (5, 8).

To measure total muramic acid and glucosamine content, 0.5 ml culture samples

were centrifuged (15,800 x g for 45 sec), the supernatant was discarded, and the sample

was washed in 0.5 ml cold 1mM MgCl2.  The samples were then resuspended in 0.5 ml

cold 6N HCl and 20 µl was transferred to a 1.5 ml tube.  The 20 µl samples were

hydrolyzed at 95˚C for 4 hours and subjected to amino acid analysis (2).
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CHAPTER THREE

Results from analyses of wild type forespore peptidoglycan

Timing of biochemical and phenotypic sporulation markers

Forespore PG was extracted from sporulating cultures of B. subtilis during the

period of spore PG synthesis and the structure of the PG from these forespores was

analyzed.  Experiments were performed in triplicate for the wild type strain.  Data

represent results from one analysis of wild type spore PG synthesis.  The other two

analyses had similar results.  Changes in forespore PG structure were temporally

correlated with well-defined sporulation biochemical and phenotypic markers.

Sporulation was induced in cultures of B. subtilis by nutrient exhaustion as

previously described (3, 5).  The concentration of glucose in the 2xSG medium was

reduced two-fold below the published value.  This allowed for the most synchronized

population of sporulating cells as well as the most efficient sporulating culture.  Figure 5

shows the timing of the different events that occur during sporulation.  Each marker is

expressed as a percent of the maximum value reached during the course of the

experiment.  First, there is an increase in GDH activity.  GDH activity reaches its

maximum during the fifth hour of sporulation (t5).  GDH activity then drops to almost

zero (data not shown) because the forespore becomes resistant to lysozyme as it matures.

The assay to measure GDH activity requires digestion of the whole cell sample with

lysozyme to lyse the cells so GDH activity can be detected.  An increase in DPA activity

follows the appearance of GDH activity.
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Figure 5.  Cells were grown in 2xSG media, and sporulation was
assumed to initiate when the the optical density at 600 nm of the
culture reached 3.0.  Samples were taken for assays as described
in the text.  Results for GDH, DPA, and heat resistance are
expressed as a percent of the maximum value obtained during
during the experiment.  The percent wet density represents the
percentage of cells with a density greater than that of vegetative
cells.
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Levels of DPA begin to increase around t4.5 – t5 and continue to increase throughout the

latter stages of sporulation.  The appearance of heat resistant cells as measured by viable

counts follows both of these events.  This order of events has been observed in many

previous studies (8).  The water content of the spore core was determined by measuring

the wet density of the developing spore (Fig. 5) (4).  The percent wet density was

measured by determining the percentage of the cells that had a greater density than that of

vegetative cells.

Calculation of percent spore PG synthesized

Samples to measure the total amount of spore PG synthesized were also collected.

The method as described by González-Castro for amino acid analysis using high-pressure

liquid chromatography (HPLC) was used to determine the total hexosamine content of

each sample (2).  HPLC peaks identified as muramic acid residues were quantified and

were used to determine the percentage of spore PG synthesized at each time interval

sampled.  It is assumed that there is no significant amount of spore PG synthesized before

t3.5 since no spore PG was observed in samples taken before t3 and since no engulfed

forespores are visible microscopically prior to this time.  The slight increase in PG

between t1 and t2 may be due to septation or to vegetative cell wall thickening (Fig. 6).

The plateau of NAM peak areas between t2 and t3 is interpreted as the total contribution

of vegetative PG and equals a “baseline” value for vegetative PG.  Therefore, values from

the areas of NAM peaks at t2.5 and t3 were averaged to get a baseline area (the peak area

before spore PG synthesis begins).  This baseline value represents vegetative PG and this

value is not expected to increase during sporulation.  Therefore, this value for vegetative
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PG was then subtracted from each NAM peak area for samples taken between t3.5 and t8.

After subtracting the baseline area, the highest value was set to 100%, and the “raw

percent spore PG made” was calculated.  These values were then graphed against time in

sporulation and a best-fitting line was drawn through these points (Fig. 7).  The “percent

spore PG made” was determined for each time point sampled from the interpolated line.

The values for the percent spore PG made at each time point are shown in Table 1.

Extraction, purification, and analysis of wild type forespore PG

To extract developing forespore PG, samples from sporulating cultures were

centrifuged and the pellets were resuspended in an isotonic solution containing lysozyme

to degrade the mother cell wall.  The protoplasted cells were then added to a boiling

solution of sodium dodecyl sulfate and dithiothreitol (SDS/DTT) solution to remove the

mother cell material and to prevent autolytic activity on the spore PG.  The samples were

then washed extensively to remove the SDS and were treated with nucleases and

proteases to digest the remaining cell components.  The purified spore PG was then

treated with a muramidase that specifically cleaves the PG between the NAM and NAG

residues, but not between muramic lactam and NAG residues.  The resulting

muropeptides were analyzed with reversed-phase HPLC using a methanol gradient (1, 7).

The muropeptide peaks were tentatively identified based on cochromatography with

previously identified peaks (1, 7).  Muropeptides were collected off the methanol gradient

and were run on a secondary acetonitrile gradient system to verify that each peak
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Table 1.  Muropeptide analyses and peak identities for wild type Bacillus subtilis

Amount (nmol)b

Peaka NAG Muramitol Muramic
lactam

Reduced muramic
lactam

Alac Dpmc Gluc Glyc Predicted structurec

1 1 (1) 1 (1) 0 0 0.98 (1) 0.99 (1) 1.09 (1) 0 DS-TriP
1A 1 (1) 1.56 (1) 0 0 1.25 (1) 1.05 (1) 1.45 (1) 1.65 (1) DS-TriP-Gly
2 1 (1) 0.98 (1) 0 0 0.96 (1) 0 0 0 DS-Ala
3 1 (1) 1.04 (1) 0 0 2 (2) 0.91 (1) 1.14 (1) 0 DS-TP

3Am 1 (1) 0.95 (1) 0 0 2.94 (3) 1.84 (2) 2.25 (2) 0.55 (1) DS-TriP-TP
3Ad 1 (1) 0.77 (1) 0 0 1.28 (2) 0.51 (1) 0.69 (1) 0 DS-TP-Gly
3Bd 1 (1) 1.05 (1) 0 0 2.91 (3) 0.92 (1) 1.11 (1) 0 DS-TPDS-PP

6 1 (2) 0.70 (1) 0 0.44 (1) 1.19 (2) 0.47 (1) 0.62 (1) 0 TSred-TP
7 1 (2) 0.75 (1) 0 0.47 (1) 0.65 (1) 0 0 0 TSred-Ala

7Am 1 (2) 0.48 (1) 0.35 (1) 0 0 0 0 0.56 (1) TS
7Ad 1 (2) 1.10 (2) 0 0 1.57 (3) 0.84 (2) 1.28 (2) 0 DS-TriP-Gly-DS-TP

8 1 (1) 1.30 (1) 0 0 1.51 (2) 0.78 (1) 1.08 (1) 0 DS-TriP-DS-TP
9 1 (2) 1.18 (2) 0 0 1.99 (4) 0.99 (2) 1.10 (2) 0 DS-TP-DS-TP

10 1 (2) 0.60 (1) 0.38 (1) 0 1.03 (2) 0.49 (1) 0.57 (1) 0 TS-TP
13 1 (2) 0.54 (1) 0.84 (1) 0 0.68 (1) 0 0 0 TS-Ala
14e DS-TP-TS-TP
17e TS-TP-TS-TP
18e HS-TP
19e HS-Ala
20e TS-TP-HS-TP

a As numbered in Fig. 8.
b Values calculated in amino acid and amino sugar analyses were normalized by setting the value for NAG to 1.  Numbers in parentheses are the
predicted molar ratios.
c Abbreviations:  Ala, alanine; Dpm, diaminopimelic acid; Glu, glutamate; Gly, glycine; DS. Disaccharide; TriP, tripeptide; TP, tetrapeptide; PP,
pentapeptide; TS, tetrasaccharide; Tsred, tetrasaccharides containing reduced muramic lactam; HS, hexasaccharide.
d These peaks are found only in spore PG from mutant strains (discussed in Chapter 4).
e Amino acid analyses were not performed on peaks eluting later in the gradient since these peaks were relatively abundant and could be identified
based on cochromatography with previously identified peaks (7).
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represented a single muropeptide (7).  Amino acid analyses were performed on peaks

collected from the acetonitrile gradient to verify the identity of the peaks previously

identified by Popham et. al (7).  Novel peaks were identified by amino acid analyses and

mass spectrometry as described (2).

Identification of novel muropeptides

HPLC traces from an analysis of developing forespore PG are shown in Figure 8.

The structure of all the numbered muropeptide peaks is now known and it was confirmed

that each peak is a single compound by running each sample on a secondary gradient

system.  The identity of each muropeptide is shown in Table 1.  The peaks labeled 3Am

and 7Am represent unique peaks that are seen only in developing forespore PG and not in

dormant spore PG.  Amino acid analyses identified peak 3Am as a DS-TriP-TP and peak

7Am as a TS with no peptide side chain (Fig. 9).  The predicted identities of

muropeptides 3Am and 7Am were confirmed by mass spectrometry.  The predicted ion

mass for muropeptide 3Am was 1311.56 and the measured ion mass was 1312.47.  The

predicted ion mass for muropeptide 7Am was 915.36 and the measured ion mass was

917.10.  These novel peaks are the result of muramoyl-L-alanine amidase activity,

enzymes normally associated with both vegetative and spore PG metabolism, on the

forespore PG.  These amidase products are believed to be an artifact of the purification

procedure since these peaks varied not only between experiments but also within each

experiment.  For example, amidase products were sometimes seen in samples taken at t4

and t4.5, but not at t4.25.
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Fig. 9.  Structures of muropeptides 3Am and 7Am
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Correction for muropeptides 3Am and 7Am in the calculation of structural

parameters

A correction for the production of muropeptides 3Am and 7Am was included in

the calculation of spore PG structural parameters.  Since muropeptide 8 is the only

muropeptide ever observed in spore PG that has a tripeptide-tetrapeptide cross-link, it

was assumed that muropeptide 3Am is derived from muropeptide 8 via amidase activity.

In calculating structural parameters, the molar values of muropeptides 3Am and 8 were

combined to produce the total amount of tripeptide-tetrapeptide cross-links.

Muropeptide 7Am can presumably be derived by amidase activity on any of the

other muropeptides that contain tetrasaccharide (TS), such as muropeptides 10, 13, 14,

17, and 20.  We have no evidence to suggest that muropeptide 7Am is derived

preferentially from any subset of these TS-containing muropeptides.  To correct for this

amidase activity, we calculated the amount of each TS-containing muropeptide as a

percentage of total TS.  We then divided the molar amount of muropeptide 7Am along

these percentages and added these values to the molar amounts of the other TS-

containing muropeptides.  The validity of this correction was determined by comparing

two sets of structural parameters:  (1) the first set of structural parameters were

calculated, with the correction, for a sample that contained significant amounts of

muropeptides 3Am and 7Am; (2) the second set of structural parameters was calculated,

without the correction, for a similar sample that, by chance, had very low levels of these
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muropeptides.  There was no significant difference between the two sets of structural

parameters.

PG structural parameters for wild type Bacillus subtilis

HPLC analysis of the purified forespore PG shows increasing amounts of PG

from the beginning to the end of spore PG synthesis during sporulation (Fig. 8).  Changes

in the relative heights of some of the muropeptide peaks are also observed (compare Fig.

8, t4 and t6).  For example, there is an increase in the amount of muropeptide peak 10 over

time relative to the amount of peak 13.  This indicates that there is an increase in the

number of peptide side chains appearing as tetrapeptides over time relative to the amount

of single L-alanine side chains.

Structural parameters (Table 2) for the forespore PG at each sampled time point

are derived from the quantification of each peak.  A relatively low level of muramic

lactam observed in the first 5-10% of the spore PG made is followed by a rapid increase.

A high percentage of tripeptide side chains is also observed in the first 10% spore PG

made.  These two facts suggest that the germ cell wall is synthesized first adjacent to the

inner forespore membrane.  The germ cell wall also appears to be relatively highly cross-

linked.  There appears to be only a very slight increasing gradient of cross-linking across

outer 60% of the spore PG upon initial examination of the data (Table 2).  There actually

seems to be a short decreasing gradient of cross-linking during synthesis of the first 30%

of spore PG.
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Table 2.  Structural parameters for forespore PG from wild type Bacillus subtilis

% Muramic acid with side
chains ofb:

Time in
sporulation

(hrs)

%
spore
PG

madea

%
lactam

%
Ala

%
TriP

%
TP

%
peptide
cross-
linked

%
muramic
acid with
cross-link

3.5 11 29.2 29.8 29.1 11.9 14.7 6.0
4 22 39.1 33.6 13.7 13.6 12.8 3.5

4.25 29 42.2 31.8 9.3 16.6 11.0 2.9
4.5 35 43.8 30.7 7.2 18.3 9.9 2.5
4.75 41 44.1 30.2 6.8 18.9 10.6 2.7

5 47 45.2 27.9 5.3 21.6 10.1 2.7
5.25 53 45.5 27.0 4.7 22.7 10.5 2.9
5.5 60 45.5 27.0 4.2 23.3 10.4 2.8
5.75 65 46.4 25.5 3.7 24.4 11.1 3.1

6 71 46.6 25.3 3.6 24.5 11.3 3.2
6.25 76 46.9 24.6 3.4 25.2 11.1 3.2
6.5 82 46.9 24.5 3.2 25.4 11.3 3.2
6.75 86 47.4 23.8 2.7 26.1 12.0 3.5

7 90 47.5 23.5 2.6 26.4 11.6 3.4
7.5 97 47.7 23.0 2.5 26.8 11.8 3.5
8 100 47.7 23.2 2.4 26.6 11.8 3.4
24 100 46.1 20.0 2.6 31.2 10.7 3.6

a This data is derived from the interpolation of muramic acid peak values as
determined by amino acid analyses.
b Abbreviations:  lactam, muramic-δ-lactam; Ala, alanine; TriP, tripeptide; TP,
tetrapeptide.
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Calculation of muramic acid with cross-links within each “slice” of forespore PG

The measured cross-linking values only represent the degree of cross-linking for

the total spore PG present in each sample and do not consider the cross-linking within the

spore PG made during the time between sampling.  For example, a cross-linking degree

of 6.0% is observed for the first 11% spore PG made (Table 2).  A cross-linking degree

of 3.5% is then observed for the entire first 22% spore PG made which includes the

primary 11% spore PG made and the secondary 11% spore PG made.  Therefore, the

observed cross-linking degree of 3.5% includes the 6.0% cross-linking from the first 11%

spore PG made AND the cross-linking of the next 11% spore PG made.  The cross-

linking in the secondary 11% must be lower than 3.5% in order to bring the average value

over the total 22% spore PG down to 3.5%.  An additional calculation was necessary to

determine the amount of spore PG synthesized within each section sampled.  The raw

values for cross-linking were graphed against percent spore PG and the best fitting line

was drawn through these points because of the variability in the cross-linking values (Fig.

10).  “New” cross-linking values were determined from the interpolated line for each

10% of spore PG made.  The new cross-linking values were then used in the calculation

below to determine the amount of cross-linking in each separate 10% “slice” of spore PG

made (Table 3):

[(PGT * XT)] – (PGO * XO)] / PGN = XN

PGT = total PG made

PGO = old PG made
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PGN = new PG made = PGT - PGO

XT = percent of cross-linking in total PG made

XO = percent of cross-linking in old PG made

XN = percent of cross-linking in new PG made

For example, the cross-linking in the 10-20% section of wild type spore PG made

would be calculated as follows (Table 3):

(20*3.9) - (10*6) / 10 = “X”.

Solving for “X” yields a value of 1.8%.  This value represents the degree of cross-

linking within the 10-20% section of spore PG made.

Cross-linking values were determined throughout the process of sporulation for

the “new spore PG made” within each section of developing forespore PG (Fig. 11).

These data suggest the following conclusions about the structure of spore PG

during its synthesis:  a) cross-linking appears to be relatively high in the first 10% of

spore PG synthesized (in the region of the germ cell wall); b) a rapid decrease in cross-

linking is observed during synthesis of the first 30% of the spore PG; c) this decrease is

followed by an eightfold rise in the degree of cross-linking during synthesis of the final

70% of the spore PG.  The amount of cross-linking within each section of spore PG made

indicates that a significant increase in cross-linking occurs with progressive spore PG

synthesis.  These data suggest that an increasing gradient of cross-linking is formed

across the glycan strands during spore PG synthesis as previously theorized (6).

However, this theory did not predict a high degree of cross-linking in the region of the
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germ cell wall, nor did the decrease in cross-linking observed during synthesis of the first

30% of spore PG.
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Fig. 10.  Cross-linking values for wild type Bacillus subtilis forespore PG
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Figure 10.  Cross-linking values in this figure are derived
from structural parameters as calculated in Table 2.
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Table 3.  Cross-linking per section of forespore PG

% Spore PG made % Muramic acid
with cross-linka

Spore PG
section

% Cross-linking in
NEW spore PGb

10 6 0-10 6
20 3.9 10-20 1.8
30 2.8 20-30 0.6
40 2.5 30-40 1.6
50 2.7 40-50 3.5
60 2.9 50-60 3.9
70 3.1 60-70 4.3
80 3.25 70-80 4.3
90 3.4 80-90 4.6
100 3.6 90-100 5.4

a These cross-linking values were determined by the interpolation of values for cross-
linked muramic acid values derived from the quantification of HPLC muropeptide peaks
(Fig. 10; Table 2).
b Calculation performed as described in text using values obtained from the interpolation
of cross-linked muramic acid residues (see footnote a).
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CHAPTER FOUR

Results from analyses of forespore peptidoglycan from mutant strains

Timing of biochemical and phenotypic sporulation markers

The method for the analysis of wild type forespore PG was applied to the analyses

of developing forespore PG from eight B. subtilis mutant strains lacking various enzymes

involved in PG synthesis (Table 4).  Analyses of each strain were performed in duplicate.

Results are shown from one analysis of developing spore PG from each mutant strain,

and results from the other analysis were similar.  Samples to measure GDH, DPA, heat

resistance, spore core wet density, and total hexosamine were also taken.  Results for

GDH activity, DPA accumulation, heat resistance, and wet density are shown in Figures

12-19.  The timing of these sporulation events in all eight mutant strains was similar to

that observed for wild type spores.  An increase in GDH activity is observed first,

followed by an increase in DPA accumulation.  Wet density data is not available for dacA

and dacF strains (Fig. 12 and 13), but normal spore core dehydration is expected since

normal heat resistance is observed for these strains.  An increase in spore heat resistance

appears following these three events.  Heat resistance for strains with mutations in cwlD

(cwlD and cwlD dacB) was not measured because the spores of these strains cannot

complete germination and form colonies.  However, normal spore heat resistance and

core dehydration were previously demonstrated for these strains (3, 5).
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Table 4.  Bacillus subtilis strains used in this study

Straina Genotypeb Description used in text
PS832 (4) Wild type strain 168 Wild type
PS1900 (4) dacA::Cm dacA
PS1901 (4) dacF::Cm dacF

DPVB17 (3) ∆dacA dacC::Sp dacF::Cm dacA dacC dacF
PS2062 (8) ponA::Sp ponA
PS2066 (6) ∆dacB dacB
PS2421 (3) ∆dacB dacF::Cm dacB dacF

PS2307 (5. 9) cwlD::Cm cwlD
PS2422 (7) cwlD::Cm ∆dacB cwlD dacB

a Laboratory stock strain numbers.  Numbers in parentheses correspond to the
reference number in the Chapter 4 reference section for strain construction.
b Abbreviations:  Cm, chloramphenicol resistance; Sp, spectinomycin resistance.
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Structural comparisons for mutant forespore PG

A complete set of structural parameters were derived from HPLC analyses for

each of the strains (Tables 5–13), except for the dacB dacF strain, which will be

discussed later.  Corrections were made as previously described for wild type structural

parameters in the calculation of structural parameters for the muropeptides (3Am and

7Am) resulting from amidase activity on the spore PG.  Also, total spore PG synthesized

was determined for each mutant strain as previously described for the wild type strain

(Tables 5-13).

Structure of dacF and ponA developing forespore PG

Structural parameters of developing forespore PG analyzed from dacF (4) and

ponA (8) mutant strains were similar to structural parameters determined for wild type

forespore PG (Tables 5, 6, and 7).  This finding is consistent with previous structural

analyses on dormant spore PG from these two mutant strains (3, 4).

Structure of dacA and dacA dacC dacF developing forespore PG

Previous studies on strains with mutations in dacA (dacA and dacA dacC dacF)

(3, 4) demonstrated that dormant spore PG isolated from these mutants had a twofold

reduction in the amount of tripeptide side chains (3, 4).  Structural analyses of forespore

PG isolated from developing spores of these strains showed that a gradual decrease in the

amount of tripeptide side chains occurred during spore PG synthesis relative to amounts

observed during the synthesis of wild type spore PG (Tables 5, 8, and 9).  Results from

this analysis also revealed that spore PG from these strains contained pentapeptide side

chains.  Pentapeptide-containing muropeptides were identified based on amino acid
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analysis data (2) and cochromatography with pentapeptide-containing muropeptides

observed in cwlD spore PG (7).  Pentapeptide side chains have also been found in

vegetative cell wall PG isolated from a dacA mutant strain (1).

Structure of dacB developing forespore PG

The most dramatic structural changes occurred during synthesis of forespore PG

in strains with mutations in dacB (6), dacB dacF (3), cwlD (5, 9), and cwlD dacB (7).

Only HPLC traces from analyses of dacB, dacB dacF, cwlD, and cwlD dacB spore PG

are shown in Figures 20-23 since the PG from these mutant spores was dramatically

different from wild type spore PG and the other mutant strains analyzed.  Table 14 lists

the muropeptide identity of each peak.  Developing forespore PG from the dacB strain

(Table 10) appeared to have a two-fold reduction in side chains with a single alanine

residue throughout spore PG synthesis relative to values observed during wild type spore

PG synthesis.  The most dramatic structural differences between wild type and dacB

forespore PG were observed during synthesis of the final ∼80% spore PG:  a) the dacB

strain had fewer NAM residues with a single L-alanine side chain, and (b) a

corresponding increase in tetrapeptide side chains which led to (c) a corresponding

increase in cross-linking, and (d) a fivefold increase in cross-linked muramic acid

residues relative to wild type results.

Structure of dacB dacF developing forespore PG

Spore PG from the dacB dacF double mutant strain was more difficult to analyze

because of the appearance of many novel peaks that eluted later in the gradient,
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Table 14.  Peak identities for mutant strains of Bacillus subtilis

Peak namea Peak structureb

1 DS-triP
1A DS-TriP-gly
2 DS-Ala
3 DS-TP

3A DS-TP-gly
3B DS-PP

3Am DS-TriP-TP
4 DS-TP-TP
6 TS-TP red
7 TS-Ala red

7A DS-TP-DS-TriP-gly
7Am TS

8 DS-triP-DS-TP
8A DS-TP-DS-TP-gly
9 DS-TP-DS-TP

9A DS-TP-DS-PP
13A (DS-TP) 3
13B (DS-TP) 2-DS-PP
13C (DS-TP) 4
10 TS-TP
11 TS-TP-TP
13 TS-Ala
14 DS-TP-TS-TP
17 TS-TP-TS-TP
18 HS-TP
19 HS-Ala
20 TS-TP-HS-TP

a As numbered in Fig. 20-23.
b Abbreviations:  Ala, alanine; Gly, glycine; DS. Disaccharide; TriP, tripeptide; TP, tetrapeptide; PP,
pentapeptide; TS, tetrasaccharide; Tsred, tetrasaccharides containing reduced muramic lactam; HS,
hexasaccharide.
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especially in samples taken during the later stages of sporulation (Fig. 16).  The structures

of the new peaks are unknown because there are too many peaks with very close elution

times to try to isolate individual peaks for identification.  Therefore, the later samples are

not interpretable.  However, we were able to identify peaks corresponding to

approximately 90% of the muropeptide material in the earliest sample.  Therefore, we

were able to calculate structural parameters for the first 20% of the spore PG made.

Structural parameters from two independent structural analyses were calculated for the

earliest sample from the dacB dacF strain (Table 11).  A threefold reduction in the

amount of single L-alanine side chains was observed over wild type values during early

spore PG synthesis.  A greater than twofold increase in the amount of tetrapeptide side

chains over wild type amounts occurred during synthesis of dacB dacF spore PG.  These

structural changes in the dacB dacF strain corresponded to an almost threefold increase

in the amount of muramic acid residues involved in cross-linking over wild type values

during early spore PG synthesis.  These structural parameters are similar to those for

forespore PG from the dacB single mutant.

Structure of cwlD developing forespore PG

Previous studies on the structure of dormant spore PG from cwlD mutant spores

demonstrated that these spores contained small amounts of pentapeptide side chains and

peptide side chains that contained glycine instead of D-alanine as the carboxy-terminal

amino acid and contained no muramic lactam (5).  Structural analysis of cwlD developing

forespore PG (Table 12) showed the presence of small amounts of pentapeptide side
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chains throughout forespore PG synthesis.  Forespore PG isolated from cwlD spores

during synthesis of the first 10% spore PG is structurally similar to early wild type

forespore PG in that the wild type strain has very low levels of muramic lactam in the

region of the germ cell wall.  Thus, the germ cell wall appears to be relatively unaffected

by cwlD.  Differences between the two strains become more apparent during synthesis of

the cortex PG.  The absence of muramic lactam in cwlD forespore PG results in the

following structural differences relative to wild type forespore PG:  a) there is a slow

progression to 60% more single L-alanine side chains in the cwlD strain relative to the

wild type strain, and a corresponding increase to (b) almost threefold more tripeptide side

chains and (c) a twofold increase in the amount of tetrapeptide side chains.  Cross-linking

in cwlD and wild type forespore PG is similar during synthesis of the first 10% forespore

PG.  However, a twofold increase over wild type values was observed in developing

cwlD forespore PG (Table 12).

Structure of cwlD dacB developing forespore PG

Previous structural analyses on dormant spore PG from a cwlD dacB double

mutant strain demonstrated a combination of the structures observed in the two single

mutants (3, 5, 7):  a) spore PG from the cwlD dacB double mutant lacked muramic lactam

as observed in the cwlD single mutant; b) the double mutant had a twofold increase in

tripeptide side chains over wild type spore PG as found in cwlD single mutant spores; c)

the cwlD dacB mutant spores produced spore PG that contained small amounts of

pentapeptide side chains as was observed in cwlD spore PG; d) there was an increase in

the amount of tetrapeptide side chains due to the combination of both mutations; and e)
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dormant spore PG from cwlD dacB mutant spores was more highly cross-linked than

each of the single mutants.

Analyses of developing forespore PG in the cwlD dacB double mutant show a

twofold increase in the amount of single L-alanine side chains occurs throughout the

period of cwlD dacB forespore PG synthesis relative to values observed during wild type

forespore PG synthesis (Table 13).  This reduction in the amount of L-alanine side chains

during spore PG synthesis was also observed during spore PG synthesis in the dacB

single mutant.

The first 20% of forespore PG synthesized in the cwlD dacB double mutant had

similar amounts of tripeptide side chains as observed during early wild type and cwlD

forespore PG synthesis.  However, the amount of tripeptide side chains increased twofold

over wild type values during synthesis of the last 80% of total spore PG in the cwlD dacB

mutant just as observed during synthesis of cwlD forespore PG.

Comparison of the appearance of muramic lactam during forespore PG synthesis

A comparison of the appearance of muramic lactam during forespore PG

synthesis was studied for all of the strains analyzed (Fig. 24).  The percent of muramic

lactam in early samples was very variable because of the way the percent spore PG made

was determined.  A small error in estimating the amount of vegetative PG should cause

no increase or decrease relative to the vertical axis, but could cause a significant shift

either right or left relative to the horizontal axis in calculation of the percent spore PG

made for the early samples.  The data indicate that the percent muramic lactam drops

towards zero in the region of the germ cell wall, or in the first 5-10% of forespore PG
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made, for all the strains.  Apparent differences observed in figure 24 during synthesis of

the first 20% spore PG made in samples from the dacA and dacA dacC dacF mutant

strains may be insignificant because of the possible error in calculating the percent spore

PG made.  All strains except for dacB, cwlD, and cwlD dacB showed a similar amount of

muramic lactam to that of wild type with increasing spore PG synthesis.  Spores from the

dacB strain had an overall lower percent of muramic lactam, whereas cwlD and cwlD

dacB spore PG does not contain any muramic lactam.  The very low amount of muramic

lactam observed for the first sample for the dacA strain was unusual and is likely due to

this sample being taken slightly earlier during spore PG synthesis than the other strains

studied.  Analysis of an early sample from spores of the dacB dacF strain showed that the

percent muramic acid as muramic lactam was 18% (data not shown), which is similar to

the other strains analyzed.

Comparison of cross-linking gradients

The percentage of muramic acid involved in cross-linking within each “slice”, or

section, of forespore PG synthesized was determined as detailed in chapter three for the

wild type strain.  A comparison of cross-linking within each section of forespore PG

made from all B. subtilis stains analyzed was studied (Fig. 25).  All strains show a similar

gradient of cross-linking of forespore PG as wild type B. subtilis except cwlD, dacB, and

cwlD dacB mutant spores.  Cross-linking is very high in the first 10% forespore PG made

and then rapidly decreases as the first 30% of forespore PG is made.  Cross-linking then

increases from 2.5-fold to almost eightfold during the remainder of spore PG synthesis.
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However, no gradient of cross-linking is observed during forespore PG synthesis in

spores from the cwlD and dacB strains.  Furthermore, cross-linking actually increases

twofold during synthesis of the first 30% forespore PG in the cwlD dacB mutant spores.



Figure 25.  Legend:  Wild type (n); dacA (◊); dacF (∇); dacA dacC dacF (¡); ponA (∆);
dacB (      ); cwlD (      ); cwD dacB (      ).
Fig. 25A:  Comparison of cross-linking within each section of spore PG for all strains.
Fig. 25B:  Comparison of cross-linking within each section of spore PG for all strains except for
dacB and cwD dacB.
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experiment.

71



0%

20%

40%

60%

80%

100%

Pe
rc

en
t o

f 
M

ax
im

um
   

   
   

   
 

0 1 2 3 4 5 6 7 8 9

Time in Sporulation (hrs)

Fig. 13.  Appearance of phenotypic and biochemical markers
during sporulation of a  dacF mutant strain of  Bacillus subtilis 

% GDH made

% heat res cfu
% DPA made

24

Figure 13.  Cells were grown in 2xSG media, and sporulation was
assumed to initiate when the the optical density at 600 nm of the culture
reached 3.0.  Samples were taken for assays as described in the text.
Results for GDH, DPA, and heat resistance are expressed as a percent
of the maximum value obtained during during the experiment.
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Fig. 14.  Appearance of phenotypic and biochemical markers during
sporulation of a  dacA dacC dacF  mutant strain of  Bacillus subtilis  
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Figure 14.  Cells were grown in 2xSG media, and sporulation was
assumed to initiate when the the optical density at 600 nm of the culture
reached 3.0.  Samples were taken for assays as described in the text.
Results for GDH, DPA, and heat resistance are expressed as a percent
of the maximum value obtained during during the experiment.  The
percent wet density represents the percentage of cells with a density
greater than that of vegetative cells.
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during sporulation of a  ponA  mutant strain of  Bacillus subtilis  
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Figure 15.  Cells were grown in 2xSG media, and sporulation was
assumed to initiate when the the optical density at 600 nm of the culture
reached 3.0.  Samples were taken for assays as described in the text.
Results for GDH, DPA, and heat resistance are expressed as a percent
of the maximum value obtained during during the experiment.  The
percent wet density represents the percentage of cells with a density
greater than that of vegetative cells.
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Fig. 16.  Appearance of phenotypic and biochemical markers
during sporulation of a  dacB mutant strain of  Bacillus subtilis 
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Figure 16.  Cells were grown in 2xSG media, and sporulation was
assumed to initiate when the the optical density at 600 nm of the culture
reached 3.0.  Samples were taken for assays as described in the text.
Results for GDH, DPA, and heat resistance are expressed as a percent
of the maximum value obtained during during the experiment.  The
percent wet density represents the percentage of cells with a density
greater than that of vegetative cells.
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Fig. 17.  Appearance of phenotypic and biochemical markers during
sporulation of a dacB dacF  mutant strain of  Bacillus subtilis  
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Figure 17.  Cells were grown in 2xSG media, and sporulation
was assumed to initiate when the the optical density at 600 nm of
the culture reached 3.0.  Samples were taken for assays as
described in the text.  Results for GDH, DPA, and heat resistance
are expressed as a percent of the maximum value obtained during
during the experiment.  The percent wet density represents the
percentage of cells with a density greater than that of vegetative
cells.
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Fig. 18.  Appearance of phenotypic and biochemical markers
during sporulation of a cwlD mutant strain of  Bacillus subtilis 
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Figure18.  Cells were grown in 2xSG media, and sporulation
was assumed to initiate when the the optical density at 600 nm of
the culture reached 3.0.  Samples were taken for assays as
described in the text.  Results for GDH and DPA are expressed
as a percent of the maximum value obtained during during the
experiment.  The percent wet density represents the percentage of
cells with a density greater than that of vegetative cells.
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Fig. 19.  Appearance of phenotypic and biochemical markers  during
sporulation of a  cwlD dacB mutant strain of  Bacillus subtilis 
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Figure 19.  Cells were grown in 2xSG media, and sporulation was
assumed to initiate when the the optical density at 600 nm of the culture
reached 3.0.  Samples were taken for assays as described in the text.
Results for GDH and DPA are expressed as a percent of the maximum
value obtained during during the experiment.  The percent wet density
represents the percentage of cells with a density greater than that of
vegetative cells.

78



79

Table 5.  Structural parameters for forespore PG from wild type Bacillus subtilis

% Muramic acid with side
chains ofb:

Time in
sporulation

(hrs)

%
spore
PG

madea

%
lactam

%
Ala

%
TriP

%
TP

%
peptide
cross-
linked

%
muramic
acid with
cross-link

3.5 11 29.2 29.8 29.1 11.9 14.7 6.0
4 22 39.1 33.6 13.7 13.6 12.8 3.5

4.25 29 42.2 31.8 9.3 16.6 11.0 2.9
4.5 35 43.8 30.7 7.2 18.3 9.9 2.5
4.75 41 44.1 30.2 6.8 18.9 10.6 2.7

5 47 45.2 27.9 5.3 21.6 10.1 2.7
5.25 53 45.5 27.0 4.7 22.7 10.5 2.9
5.5 60 45.5 27.0 4.2 23.3 10.4 2.8
5.75 65 46.4 25.5 3.7 24.4 11.1 3.1

6 71 46.6 25.3 3.6 24.5 11.3 3.2
6.25 76 46.9 24.6 3.4 25.2 11.1 3.2
6.5 82 46.9 24.5 3.2 25.4 11.3 3.2
6.75 86 47.4 23.8 2.7 26.1 12.0 3.5

7 90 47.5 23.5 2.6 26.4 11.6 3.4
7.5 97 47.7 23.0 2.5 26.8 11.8 3.5
8 100 47.7 23.2 2.4 26.6 11.8 3.4
24 100 46.1 20.0 2.6 31.2 10.7 3.6

a This data is derived from the interpolation of muramic acid peak values as
determined by amino acid analyses.
b Abbreviations:  lactam, muramic-δ-lactam; Ala, alanine; TriP, tripeptide; TP,
tetrapeptide.
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Table 6.  Structural parameters for forespore PG from a Bacillus subtilis dacF mutant

% Muramic acid with side
chains ofb:

Time in
sporulation

(hrs)

%
spore
PG

madea

%
lactam

%
Ala

%
TriP

%
TP

%
peptide
cross-
linked

%
muramic
acid with
cross-link

3.5 10 28.0 29.3 30.9 11.7 17.2 7.3
4 24 37.9 35.0 15.5 11.6 17.5 4.7

4.25 30 41.5 33.8 10.2 14.4 15.1 3.7
4.5 38 42.4 33.2 9.3 15.0 13.7 3.3
4.75 46 43.8 33.2 7.5 15.5 13.1 3.0

5 54 45.2 32.6 5.5 16.7 12.7 2.8
5.25 61 47.1 30.6 3.8 18.5 12.1 2.7
5.5 67 47.4 30.5 3.4 18.7 11.3 2.5
5.75 72 47.6 29.9 3.2 19.2 11.5 2.6

6 76.5 47.8 29.4 3.1 19.7 11.8 2.7
6.25 82 48.0 29.3 2.9 19.8 11.8 2.7
6.5 84.5 48.0 29.0 2.9 20.1 12.1 2.8
6.75 88 48.1 29.0 3.2 19.8 11.7 2.7

7 92.5 48.4 28.3 2.9 20.4 11.3 2.6
7.5 96 48.5 28.2 2.7 20.5 11.8 2.7
8 100 49.2 29.6 2.3 18.9 11.0 2.3
24 100 49.5 23.9 2.0 24.6 12.8 3.4

a This data is derived from the interpolation of muramic acid peak values as
determined by amino acid analyses.
b Abbreviations:  lactam, muramic-δ-lactam; Ala, alanine; TriP, tripeptide; TP,
tetrapeptide.
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Table 7.  Structural parameters for forespore PG from a Bacillus subtilis ponA mutant

% Muramic acid with side
chains ofb:

Time in
sporulation

(hrs)

%
spore
PG

madea

%
lactam

%
Ala

%
TriP

%
TP

%
peptide
cross-
linked

%
muramic
acid with
cross-link

3.5 6 31.0 27.9 28.7 12.4 13.8 5.7
4 13 39.6 31.3 14.0 15.1 17.6 5.1

4.25 17 39.0 31.0 13.8 16.1 17.6 5.3
4.5 21 39.4 31.8 12.4 16.4 16.0 4.6
4.75 26 40.0 31.4 11.1 17.5 15.6 4.5

5 31 43.3 28.4 7.2 21.1 12.8 3.6
5.25 36.5 44.3 26.6 5.8 23.3 12.5 3.6
5.5 42 45.1 26.3 5.0 23.6 11.7 3.3
5.75 50 45.6 24.7 4.1 25.5 12.1 3.6

6 58 45.8 23.2 3.8 27.2 11.9 3.7
6.25 68 45.8 23.8 3.9 26.6 10.8 3.3
6.5 76 46.3 22.9 3.5 27.3 9.8 3.0
6.75 83 46.6 21.0 3.0 29.4 9.8 3.2

7 88 47.1 20.7 2.8 29.5 9.7 3.1
7.5 94 47.3 19.4 2.7 30.7 9.4 3.1
8 100 47.5 19.1 2.3 31.0 9.6 3.2
24 100 47.9 17.8 2.1 32.1 9.1 3.1

a This data is derived from the interpolation of muramic acid peak values as
determined by amino acid analyses.
b Abbreviations:  lactam, muramic-δ-lactam; Ala, alanine; TriP, tripeptide; TP,
tetrapeptide.



82

Table 8.  Structural parameters for forespore PG from a Bacillus subtilis dacA mutant

% Muramic acid with side chains ofb:

Time in
sporulation

(hrs)

%
spore
PG

madea

%
lactam

%
Ala

%
TriP

%
TP

%
PP

%
peptide
cross-
linked

%
muramic
acid with
cross-link

3.5 6 0.0 3.7 61.6 21.5 13.3 10.0 9.6
4 11 20.6 22.1 33.0 15.7 8.6 13.9 7.9

4.25 15 27.4 27.3 23.1 14.8 7.3 14.2 6.4
4.5 19 34.0 31.0 14.8 15.1 5.1 15.1 5.3
4.75 24 37.9 30.5 10.5 17.1 4.1 14.4 4.6

5 30 40.2 31.4 7.7 17.4 3.3 13.4 3.8
5.25 37.5 43.0 29.0 5.3 19.9 2.7 12.3 3.4
5.5 45 44.3 28.5 4.1 20.9 2.1 12.4 3.4
5.75 52 45.1 26.4 3.4 23.3 1.8 14.2 4.1

6 58 45.5 26.2 3.0 23.8 1.5 14.4 4.1
6.25 64 45.7 26.1 3.1 23.6 1.5 12.7 3.6
6.5 71 46.2 25.0 2.7 24.6 1.5 13.3 3.8
6.75 76 46.5 24.7 2.4 24.9 1.5 13.2 3.8

7 83 47.7 24.8 1.8 24.7 1.0 12.8 3.5
7.5 93 47.1 22.6 2.0 27.0 1.2 13.7 4.1
8 100 47.3 21.8 1.8 27.7 1.4 13.9 4.3
24 100 48.3 19.7 1.4 29.6 1.0 13.9 4.4

a This data is derived from the interpolation of muramic acid peak values as determined
by amino acid analyses.
b Abbreviations:  lactam, muramic-δ-lactam; Ala, alanine; TriP, tripeptide; TP,
tetrapeptide; PP, pentapeptide.
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Table 9.  Structural parameters for forespore PG from a Bacillus subtilis
dacA dacC dacF mutant

% Muramic acid with side chains ofb:

Time in
sporulation

(hrs)

%
spore
PG

madea

%
lactam

%
Ala

%
TriP

%
TP

%
PP

%
peptide
cross-
linked

%
muramic
acid with
cross-link

3.5 8 20.1 21.4 24.2 22.7 11.7 12.3 7.2
4 18.5 36.8 34.1 9.9 14.8 4.4 12.5 3.6

4.25 24 40.1 33.2 6.6 16.8 3.3 12.4 3.3
4.5 29 39.9 34.0 7.2 15.5 3.4 12.5 3.3
4.75 35 41.8 32.9 5.3 17.1 2.9 11.7 3.0

5 41.5 44.6 31.8 3.6 18.1 2.0 11.2 2.7
5.25 48 45.6 28.9 2.8 21.1 1.6 12.5 3.2
5.5 54 45.7 32.2 3.0 17.6 1.6 10.7 2.4
5.75 60 45.8 28.7 2.6 21.2 1.7 12.8 3.3

6 69 46.3 28.9 2.3 21.1 1.4 11.7 2.9
6.25 73 46.6 28.2 2.1 21.6 1.4 12.8 3.2
6.5 78 46.9 27.5 2.1 22.2 1.3 12.6 3.2
6.75 82.5 47.6 25.4 1.5 24.4 1.1 11.3 3.0

7 87.5 47.6 25.0 1.5 24.8 1.1 11.7 3.2
7.5 94.5 47.7 25.0 1.5 24.8 1.0 11.8 3.2
8 100 48.0 24.9 1.3 24.8 0.9 11.5 3.1
24 100 48.9 23.0 1.1 26.3 0.7 12.4 3.5

a This data is derived from the interpolation of muramic acid peak values as determined
by amino acid analyses.
b Abbreviations:  lactam, muramic-δ-lactam; Ala, alanine; TriP, tripeptide; TP,
tetrapeptide; PP, pentapeptide.
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Table 10.  Structural parameters for forespore PG from a Bacillus subtilis dacB mutant

% Muramic acid with side
chains ofb:

Time in
sporulation

(hrs)

%
spore
PG

madea

%
lactam

%
Ala

%
TriP

%
TP

%
peptide
cross-
linked

%
muramic
acid with
cross-link

3.5 4 12.6 11.8 48.5 27.0 16.5 16.5
4 9 32.1 15.8 17.8 34.3 17.2 16.3

4.25 11 35.1 14.8 13.3 36.9 19.9 16.9
4.5 16 37.3 13.7 10.0 39.0 22.2 16.8
4.75 23 38.5 13.7 8.5 39.3 23.1 16.3

5 33.5 39.4 13.4 7.5 39.7 23.7 16.0
5.25 49 39.6 11.3 6.7 42.4 25.3 17.5
5.5 65 40.5 11.4 5.9 42.2 25.7 17.3
5.75 74 41.3 9.5 5.2 44.1 27.6 18.7

6 78 42.1 9.8 4.3 43.8 27.3 18.1
6.25 82 41.9 9.9 4.6 43.6 27.0 17.9
6.5 86 42.3 10.3 5.5 41.9 24.8 16.5
6.75 88 42.3 10.0 5.3 42.5 26.0 16.8

7 91 42.4 9.6 4.9 43.1 27.0 17.3
7.5 96 42.8 9.0 4.2 44.0 27.0 17.7
8 100 43.1 8.6 3.8 44.5 27.3 18.0
24 100 44.0 7.4 2.6 46.0 29.6 19.1

a This data is derived from the interpolation of muramic acid peak values as determined
by amino acid analyses.
b Abbreviations:  lactam, muramic-δ-lactam; Ala, alanine; TriP, tripeptide; TP,
tetrapeptide.
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Table 11.  Structural parameters for forespore PG from a Bacillus subtilis
dacB dacF mutanta

% Muramic acid with side
chains ofc:

Time in
sporulation

(hrs)

%
spore
PG

madeb

%
lactam

%
Ala

%
TriP

%
TP

%
peptide
cross-
linked

%
muramic
acid with
cross-link

3.5 19 14.1 7.3 48.8 29.8 13.8 15.2

3.5 4 22.3 8.0 34.5 35.2 16.5 16.4

a These data were derived from two separate experiments.
b This data is derived from the interpolation of muramic acid peak values as determined
by amino acid analyses.
c Abbreviations:  lactam, muramic-δ-lactam; Ala, alanine; TriP, tripeptide; TP,
tetrapeptide.
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Table 12.  Structural parameters for forespore PG from a Bacillus subtilis cwlD mutant

% Muramic acid with side
chains ofb:

Time in
sporulation

(hrs)

% spore
PG madea

%
Ala

%
TriP

%
TP

%
PP

%
peptide
cross-
linked

%
muramic
acid with
cross-link

3.5 4.5 33.6 45.1 21.3 0.0 9.5 6.3
4 10 38.4 15.7 44.8 1.1 11.0 6.8

4.25 16 36.4 13.3 49.3 1.0 11.2 7.1
4.5 24 36.7 10.0 52.0 1.3 10.7 6.8
4.75 32 36.9 8.8 53.2 1.1 11.0 6.9

5 41 37.2 7.8 54.0 1.1 10.9 6.8
5.25 51 36.4 7.7 54.8 1.1 11.3 7.2
5.5 58 37.1 7.1 54.8 1.0 11.2 7.1
5.75 67.5 36.6 6.8 55.2 1.4 11.2 7.1

6 74 36.4 6.7 55.6 1.3 11.4 7.3
6.25 80 36.6 6.5 55.4 1.5 11.4 7.3
6.75 87 36.6 6.5 55.3 1.5 11.3 7.1

7 90 37.6 6.7 54.3 1.4 11.6 7.2
7.5 96 37.3 6.7 54.5 1.4 11.7 7.3
8 100 36.9 6.3 55.4 1.3 11.2 7.1
24 100 34.1 5.7 59.0 1.2 11.7 7.7

a This data is derived from the interpolation of muramic acid peak values as
determined by amino acid analyses.
b Abbreviations:  lactam, muramic-δ-lactam; Ala, alanine; TriP, tripeptide; TP,
tetrapeptide; PP, pentapeptide.
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Table 13.  Structural parameters for forespore PG from a Bacillus subtilis
cwlD dacB mutant

% Muramic acid with side
chains ofb:

Time in
sporulation

(hrs)

%
spore
PG

madea

%
Ala

%
TriP

%
TP

%
PP

%
peptide
cross-
linked

%
muramic
acid with
cross-link

3.5 5 16.6 54.7 28.7 0.0 11.1 9.3
4 10 17.8 25.0 56.4 0.8 25.0 20.6

4.25 14 16.3 17.7 64.8 1.1 29.2 24.6
4.5 18 15.0 13.7 69.9 1.4 31.7 27.3
4.75 24 14.9 11.0 72.8 1.4 32.9 28.3

5 26 15.0 9.2 74.5 1.3 33.3 28.6
5.25 31.5 15.1 18.2 65.8 1.0 29.5 25.2
5.5 38 14.2 14.6 70.0 1.2 31.5 27.1
5.75 44 14.0 12.1 72.5 1.3 31.4 27.2

6 50 13.9 10.2 74.2 1.7 31.4 27.3
6.25 58 13.8 9.0 76.0 1.3 31.4 27.3
6.5 65 12.9 7.4 78.0 1.7 32.8 28.9
6.75 72 13.2 7.1 78.1 1.6 33.1 29.0

7 78 13.3 6.7 78.4 1.6 33.5 29.3
7.5 90 13.7 6.3 78.4 1.6 32.9 28.7
8 100 13.4 6.1 78.5 1.9 34.0 29.7
24 100 12.0 4.7 81.6 1.6 35.6 31.6

a This data is derived from the interpolation of muramic acid peak values as
determined by amino acid analyses.
b Abbreviations:  lactam, muramic-δ-lactam; Ala, alanine; TriP, tripeptide; TP,
tetrapeptide; PP, pentapeptide.
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CHAPTER FIVE

Discussion

Discussion of wild type Bacillus subtilis forespore PG synthesis

The method for analyzing the structure of dormant spore PG using reversed-phase

HPLC (4) was applied to examining the structure of PG in developing forespores of wild

type B. subtilis at each stage of its synthesis during sporulation.  A method for the

extraction and purification of spore PG from immature forespores was developed.

Assays for various biochemical and phenotypic markers allowed for the temporal

correlation of well-defined sporulation properties with structural changes in spore PG.

Structural parameters derived from HPLC analysis on purified wild type forespore

PG suggest that the structure of the first 10% of spore PG made has a high percentage of

tripeptide side chains and also has a low amount of muramic lactam relative to amounts

seen in later samples.  These two facts lead to the conclusion that the structure found in

the first 10% of spore PG made represents the germ cell wall, which has a structure more

like vegetative PG than cortex PG, and also suggests that the germ cell wall is

synthesized first adjacent to the inner forespore membrane.  Previous studies have

demonstrated that muramic lactam is a specificity determinant for cortex-specific lytic

enzymes (2, 5), which is consistent with the conclusion that the germ cell wall has low

amounts of muramic lactam.  Structural analyses on germinating dacA mutant spores

demonstrated that the amount of disaccharide muropeptides containing tripeptide side

chains remained constant throughout the process of germination (1), providing further
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support for the conclusion that the germ cell wall has a high percentage of tripeptide side

chains.

Preliminary examination of the cross-linking data (Table 2) shows no significant

increasing gradient of cross-linking is formed during spore PG synthesis as theorized by a

recent model on spore PG synthesis and spore core dehydration (3).  The proposed model

suggests that a gradient of cross-linking formed during spore PG synthesis in which the

innermost layers of spore PG are most loosely cross-linked and the outermost layers are

most highly cross-linked could be involved in the attainment of spore core dehydration

(3).  However, when cross-linking values are calculated for each section of spore PG

made, an increasing gradient of cross-linking is revealed during spore PG synthesis.

Cross-linking values from each section of spore PG made suggest that the region of the

germ cell wall, or the first 10% of spore PG made, is relatively highly cross-linked (Fig.

11).  A rapid decrease in cross-linking is observed following synthesis of the germ cell

wall, or during synthesis of the first 30% spore PG made.  This drop in cross-linking

could possibly indicate a shift from germ cell wall PG synthesis to cortex PG synthesis.

An eightfold increase in cross-linking is then observed during synthesis of the final 70%

spore PG.  The present analyses suggest that a significant increasing gradient of cross-

linking is formed during spore PG synthesis as previously theorized (3), but only in the

outer layers of spore PG.  The model did not predict the high degree of cross-linking in

the region of the germ cell wall, or the decrease following germ cell wall PG synthesis.
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Supporting arguments for conclusions

The potential for changes in cross-linking of the early layers of spore PG

following synthesis cannot go unexamined.  Possible changes in cross-linking include the

loss of cross-links from spore PG previously made or an increase in cross-linking of

spore PG already synthesized.  Such changes in the cross-linking of the early layers of

spore PG would affect the calculation of cross-linking of the outer layers of spore PG

(see chapter 3 for determination of cross-linking per section of spore PG made).  For

example, the removal of peptides by peptidase and/or amidase activity from the first 30%

spore PG could result in disappearance of the decreasing gradient in the inner layers and

a less significant increasing gradient during synthesis of the final 70% spore PG.  The

removal of peptides from previously synthesized spore PG is unlikely for the following

reason:  there is no significant change in the percentage of cross-linked tripeptide side

chains throughout sporulation.  Present data (Table 2) and recently published data (1)

suggest that these tripeptide side chains are primarily associated with germ cell wall PG.

Therefore, it is unlikely that tripeptide cross-links are modified once made in the germ

cell wall.  A more likely explanation for the decrease in cross-linking observed during

synthesis of the first 30% spore PG (Fig. 11 and 25) is that the “new” PG is synthesized

with fewer cross-links.

Another potential for changes in cross-linking of the early layers of spore PG

made involves the possibility of an increase in cross-linking in previously synthesized

layers of spore PG.  However, this is not possible due to the fact that pentapeptide side

chains, which are never recovered in significant amounts in wild type spore PG, are
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required for the formation of new cross-links.  Therefore, new cross-links cannot be

formed after the spore PG is synthesized.

Discussion of forespore PG synthesis in mutant strains

Structural analyses were performed on developing forespore PG spores from eight

mutant strains of B. subtilis in which the dormant spore PG structure and/or spore core

dehydration is altered.  Only the strains in which significant structural spore PG changes

were observed are discussed.

The gene dacA encodes PBP5, which is an important low MW PBP and D,D-

carboxypeptidase in vegetative cells (9).  Developing spore PG from dacA mutant spores

contained a small amount of pentapeptide side chains throughout spore PG synthesis

(Table 8).  Pentapeptide side chains are not found in wild type spore PG.  Previous

studies showed that dormant spore PG from dacA spores contained two-fold fewer

tripeptide side chains than wild type dormant spore PG and it was suggested that DacA

remained in the sporulating cell long enough to have some effect on spore PG (3, 4).  A

gradual reduction to twofold less tripeptide side chains in dacA forespore PG relative to

wild type forespore PG, a decrease in tetrapeptide side chains, and the pentapeptide-

containing muropeptides suggests that dacA may be involved in cleavage of pentapeptide

to either tetrapeptide or tripeptide side chains.

The gene dacB encodes the low-MW PBP5* which is a known D,D-

carboxypeptidase important in regulating cross-linking of spore PG and is only expressed

during sporulation in the mother cell compartment of the differentiating cell.  Previous

studies have shown that dormant spore PG from dacB mutant spores had a higher amount
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of tetrapeptide side chains, a lower amount of L-alanine side chains, and are

approximately three-fold more highly cross-linked than wild type spore PG (3, 6).  Spore

wet density measurements also demonstrated that these spores were capable of achieving

normal spore core dehydration, but were unable to maintain dehydration (6).  The present

study (Table 10) shows that the most dramatic structural changes, relative to wild type

forespore PG, occur during synthesis of the final 80% of spore PG:  a twofold reduction

in the amount of single L-alanine side chains and an increase in tetrapeptide side chains,

which, in turn, leads to an increase in peptides involved in cross-linking and a fivefold

increase in cross-linked muramic acid residues.  These observations suggest that the

decrease in L-alanine side chains is due to the fact that more peptides are cross-linked in

dacB spore PG and are not available for cleavage to L-alanine.

Previous studies have demonstrated that dormant spore PG from mutant spores of

a dacB dacF double mutant are even more highly cross-linked than dormant spore PG

from dacB single mutant spores (3).  A significant effect on spore core dehydration was

observed in spores from the double mutant (3).  HPLC analysis of spore PG revealed

many novel muropeptides that could not be identified because of the high number of

peaks with very close elution times (3).  Therefore, the present study includes structural

parameters only for the earliest forespore PG sample due to the inability to identify all of

the peaks that eluted in samples taken during the later stages of spore PG synthesis (Table

11).  Structural parameters for the dacB dacF double mutant (Table 11) were similar to

those observed in early forespore PG from dacB mutant spores (Table 10).
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The gene cwlD is predicted to encode an N-acetylmuramoyl-L-alanine amidase

based upon sequence similarities (8).  The gene product of cwlD is involved in the

synthesis of muramic lactam since loss of cwlD results in the production of spores that

lack muramic lactam (2, 5).  Spore heat resistance was not determined for this study since

cwlD mutant spores cannot germinate, but previous studies have demonstrated that

normal heat resistance and spore core dehydration is achieved (5).  The present study

indicates that the germ cell wall, or the first 10% spore PG made, is not greatly affected

by the loss of cwlD activity and is structurally similar to germ cell wall from wild type

spores.  Differences in wild type forespore PG and developing spore PG from cwlD

mutant spores become more apparent during synthesis of the final layers of spore PG.

This could indicate that cwlD is more active in the modification of cortex PG as opposed

to germ cell wall PG.  This is consistent with the conclusion that the germ cell wall

contains a very low level of muramic lactam.

The structure of developing forespore PG from a cwlD dacB double mutant was

also examined in the present study.  Dormant spore PG (7) and developing forespore PG

(Table 13) from the double mutant had a combination of effects observed in spores from

the two single mutants.

A comparison of the cross-linking within the spore PG made during the time

between samples was studied (Fig. 25).  Forespore PG from cwlD and dacB spores show

no gradient of cross-linking as observed for wild type forespore PG and forespore PG

from four of the other mutant strains analyzed.  The germ cell wall PG from cwlD dacB

spores does not appear as highly cross-linked as cortex PG.  The increasing gradient of
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cross-linking observed during synthesis of the first 30% of spore PG (Fig. 25) may

indicate a shift from germ cell wall synthesis to cortex synthesis.  This would also

suggest that the germ cell wall of cwlD dacB spores is not as highly cross-linked as the

cortex.

Final conclusions

There is no apparent increasing gradient throughout the outer, cortex layers of

forespore PG from dacB, cwlD, or cwlD dacB spores.  However, previous studies have

demonstrated that these spores do attain normal dehydration of the spore core (3, 5, 7).

This study concludes that even though an increasing gradient of cross-linking is formed

during synthesis of the outer layers of spore PG, the gradient is not involved in the

attainment of spore core dehydration as previously suggested (3).  There may, however,

be some range of cross-linking throughout the layers of spore PG that may be required

for maintenance of spore core dehydration and proper degradation of cortex PG during

spore germination.  Perhaps there is a required minimum degree of cross-linking that is

necessary for the maintenance of spore core dehydration and proper spore germination.

Likewise, perhaps there is a maximum degree of cross-linking that cannot be exceeded in

order to achieve and maintain spore core dehydration and to allow for rapid germination.

For example, dacB spore PG is more highly cross-linked than wild type spore PG, and

these dacB spores are unable to maintain dehydration and are delayed in spore

germination (3).  Spore PG from dacB dacF spores is even more highly cross-linked than

spore PG from dacB spores.  Evidence suggests that spores from the dacB dacF double

mutant are unable to maintain dehydration and are even more delayed in spore
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germination than dacB spores (3).  This delay in spore germination and the inability to

maintain spore core dehydration could be due to the higher degree of cross-linking found

in dacB dacF spore PG.  Perhaps the cross-linking found in dacB dacF spore PG has

exceeded a maximum degree of cross-linking that might be required for maintenance of

spore core dehydration and spore germination.
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