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Sporulating cells of Bacillus sphaericus 9602 containing fully engulfed fore-
spores at different stages of maturity were broken by ultrasonic disruption,
followed by grinding with alumina. In this way soluble enzymes derived mainly
from the sporangial or from the forespore cytoplasms were obtained. Diaminopi-
melate ligase activity is required exclusively for cortical peptidoglycan synthe-
sis, is absent during vegetative growth, and is synthesized during forespore
maturation. It is found exclusively in the sporangial cytoplasm. L-lysine ligase is
required for vegetative cell wall peptidoglycan synthesis but not for cortex
synthesis. It is found in both fractions, but it has a fourfold higher specific
activity in the forespore cytoplasm. Other enzymes that are required for synthe-
sis of the nucleotide-pentapeptide precursors of both cortical and vegetative cell
wall peptidoglycans are found in similar specific activities in both compart-
ments. Mature spores, free of any residual sporangial material, have specific
activities of all of these enzymes and of ilysine ligase similar to those in
forespores and in vegetative cells and are devoid of diaminopimelate ligase
activity. Thus, the differential expression of at least one gene required for spore

cortex synthesis in B. sphaericus occurs exclusively in the sporangial cytoplasm.

During sporulation in Bacillus sphaericus,
as in other bacilli and clostridia (cf. 4, 14, 15),
the first clearly unique morphological event is
the formation of the sporulation septum near
one-cell terminus, producing an asymmetric,
two-compartment system. Time during sporu-
lation in B. sphaericus is represented as T,
meaning n hours after the end of exponential
growth. The septum appears at T2 (6). Since the
smaller compartment develops into the spore
and the larger compartment can revert to vege-
tative growth at this stage (4, 22), each must
contain at least one complete copy of the ge-
nome (cf. 1).
The further development of the spore (6) re-

sembles that seen in B. subtilis (17) and other
bacilli (4, 14, 15). Immediately after formation
of the sporulation septum, engulfment of the B.
sphaericus forespore commences by prolifera-
tion of the septal membrane around the smaller
cell compartment. The surrounding cell termi-
nus swells at the same time, and this is clearly
visible by phase-contrast microscopy by T2.5.
Engulfment is complete at T4 and results in the
formation of a forespore entirely surrounded by

I Present address: Woodstock Agricultural Research
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two concentric membranes, the inner and outer
forespore membranes (6). Topologically, the
"inner" surfaces of these membranes face the
forespore and sporangial cytoplasms, respec-
tively, whereas the "outer" surfaces face one
another. The forespore and its membranes are
also surrounded by sporangial cytoplasm,
membrane, and cell wall.

Shortly after engulfment is complete, be-
tween T4 and T5, midcoat development com-
mences and a primordial cell wall layer (PCW)
is formed between the inner and outer forespore
membranes, adjacent to the inner membrane
(6). In B. sphaericus, as in other bacilli (4, 14),
the PCW apparently develops into the cell wall
of the outgrowing cell after spore germination.
The forespore becomes semirefractile with a
fully condensed nucleoid at T,, before signifi-
cant accumulation of cortex occurs. The cortex,
which consistently stains less densely than the
PCW, is then formed between the PCW and the
outer forespore membrane. Synthesis of coats
and exosporium continues during this period
(T5 to T7); dipicolinate accumulates at the same
time (21), and a mature, dormant, heat-resis-
tant spore is formed after 8 to 9 h of sporulation
(6).
Vegetative cell walls ofB. sphaericus contain

a peptidoglycan cross-linked between L-lysine
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214 TIPPER AND LINNETT

residues by D-alanyl-i-isoasparaginyl residues
(8). This polymer is devoid of diaminopimelic
acid (Dpm) and is only slowly hydrolyzed by
lysozyme. In B. spaericus as in other bacilli (15,
21), the spore cortex is a peptidoglycan that is
highly susceptible to lysozyme and that is solu-
bilized during spore germination. It contains
meso-Dpm, is devoid of lysine and aspartic acid,
and has a structure indistinguishable from that
of B. subtilis spore cortex (24; D. J. Tipper,
Bacteriol. Proc., p. 120; 1964; L. Landbeck and
D. J. Tipper, unpublished data). The properties
of the PCW seen in spores of other species (23)
suggest that it is composed largely of peptido-
glycan with a structure similar to that of vege-
tative cell wall peptidoglycan. Thoroughly
cleaned spores of B. sphaericus contain a lyso-
zyme-resistant peptidoglycan fraction that con-
tains ilysine, D-aspartate, and little, if any,
Dpm. It is presumably PCW (D. J. Tipper, un-
published data).
Any enzyme in B. sphaericus involved in the

synthesis or degradation of Dpm-containing
peptidoglycan, but not oflysine-containing pep-
tidoglycan, must be specific for cortex synthesis
or modification. Such an enzyme would be
without function in vegetative growth and
would be sporulation specific. The appearance
of two such activities in synchronously sporu-
lating cells of B. sphaericus has been demon-
strated. The first is an endopeptidase that hy-
drolyzes cortical peptidoglycan between its i)-
glutamate and meso-Dpm residues (5), and the
second is involved in the synthesis of the nu-
cleotide-pentapeptide precursor of cortex pepti-
doglycan (22).

Synthesis of all bacterial cell wall peptidogly-
cans involves a soluble, cytoplasmically synthe-
sized precursor, uridine-di-phospho-N-acetyl-
muramyl-pentapeptide (UDP-MurNAc-penta-
peptide), and it is probable that this is also true
of the cortical peptidoglycan (21, 24). The path-
ways for the synthesis of the nucleotide penta-
peptide precursors of cortical and vegetative
cell wall peptidoglycans in B. sphaericus are
shown in Fig. 1. The two nucleotide-pentapep-
tides have a common nucleotide-dipeptide pre-
cursor, and the two pathways differ only in the
enzymes for conversion ofthis nucleotide-dipep-
tide to the nucleotide-tripeptides containing L-
lysine or meso-Dpm. Vegetative cells of B.
sphaericus contain L-Lys ligase, which is incap-
able of ligating Dpm, and Dpm ligase activity
appears between T4.* and T6 and is incapable of
ligating L-Lys (22). A single enzyme is probably
responsible for both UDP-MurNAc-L-Ala-D-
Glu-L-Lys:D-Ala-D-Ala ligase activity and UDP-
MurNAc-L-Ala-D-Glu-meso -Dpm:D-Ala- D-Ala

ligase activity, since these activities are pres-
ent at a constant ratio throughout vegetative
growth and sporulation (10). This activity is
henceforth referred to as D-Ala-i)-Ala ligase.
We have recently demonstrated (11) that syn-

thesis of all of the enzymes involved in the
synthesis of the nucleotide-pentapeptide pre-
cursor of vegetative cell wall peptidoglycan (cf
Fig. 1) ceases at To, the initiation of sporulation
in B. sphaericus. Synthesis of all these en-
zymes, including L-Lys ligase (but not Dpm
ligase), resumes immediately after spore sep-
tum formation at T2 and continues until fore-
spore engulfment is complete at T4. Synthesis
of D-Ala-D-Ala synthetase, r-Ala-i-Ala ligase,
and Lys ligase during this period is a conse-
quence of derepression at the level of transcrip-
tion (11, 22). Shortly after the termination of
this period of enzyme syntheis, at T4,5, synthe-
sis of all of the enzymes involved in making the

UDP-MurNAc

(L-Ala Ligase) -L-Alanine
UDP-MA

(ii D-Glutamate
(D-Glu Ligase)

UDP-MAG
(L-Lys Ligase) (aeao-Dpm Ligase)

(iii) (iv)
L-Lys Diaminopimelate UP-AE

UDP-MAGL UDP-MAGD

(D-Ala-D-Ala ligases)

(v) D-Alanyl-D-Alanine- (vi)

UDP-MAGLAA (D-Ala-D-Ala (Vii)-D

Synthetase) i)

D-Alanine

(Alanine
Vegetative Racemase) Spore Cortex

Cell Wall and Peptidoglycans
Cell Wall Primordium
Peptidoglycans L-Alanine

FIG. 1. Enzymatic reactions that have been dem-
onstrated in B. sphaericus 9602 and that are involved
in the synthesis of the nucleotide-pentapeptide pre-
cursors of its vegetative cell wall and spore cortex
peptidoglycans. Abbreviations: uridine-diphospho-
N-acetyl-muramic acid, UDP-MurNAC, UDP-M; al-
anine, Ala, A; D-glutamate, Glu, G; L-lysine, Lys, L;
meso- a &diaminopimelic acid, Dpm, D. The enzymes
are UDP-MurNAc:L.Ala ligase (EC 6.3.2.8, L-Ala
ligase); UDP-MurNAc-L-Ala:D-Glu ligase (EC
6.3.2.9, D-Glu ligase), UDP-MurNAc-L-Ala-D-Glu:L-
Lys ligase (EC 6.3.2.7, L-Lys ligase); UDP-MurNAc-
L-Ala-D-Glu:meso-Dpm ligase (EC 6.3.2.13, Dpm li-
gase); UDP-MurNAc-L-Ala-D-Glu-L-Lys:D-Ala-D-
Ala ligase (EC 6.3.2.10, D-Ala-D-Ala ligase), alanine
racemase (EC 5.1.1.1), and D-Ala-D-Ala synthetase
(EC 6.3.2.4).
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SITE OF SPORE CORTEX PRECURSOR SYNTHESIS 215

precursor of cortex peptidoglycan (cf. Fig. 1)
commences and continues to T6. This period
starts while PCW is being synthesized and be-
fore the appearance of cortex. During this pe-
riod, Dpm ligase is synthesized, but Lys ligase
is not. Synthesis of Dpm ligase, i-Ala-i>-Ala
synthetase, and D-Ala-D-Ala ligase during this
period is also a consequence of derepression at
the level of transcription (11, 22). It is the pur-
pose of this paper to demonstrate that the two
temporally distinct transcription events occur-
ring at T2 to T, and T4,. to T6., are also physi-
cally separate and functionally distinct. The
first appears to involve the forespore genome
and the second the mother cell genome. Appar-
ently, their purpose is to prime the cell for
synthesis of PCW and cortex, respectively.

MATERIALS AND METHODS
Organism and growth conditions. B. sphaericus

9602 was grown in BS broth plus spore salts at 33 C
with vigorous aeration as previously described (10,
22). Under these conditions, turbidity increases dur-
ing vegetative growth, with a doubling time of 35
min. To, the initiation of sporulation, is taken as the
point at which this doubling time abruptly increases
to 80 min prior to a final round of postexponential
vegetative cell division (6).

Phase-contrast microscope observations, quanti-
tated as previously described (11, 22), enable the
identification of two morphological stages in sporu-
lation. The first is the appearance of terminal swell-
ing at T2 to T3, corresponding to the initiation of
forespore engulfment, and the second is the appear-
ance of semirefractility within the forespores at T5 to
T7, corresponding to the initiation of cortex develop-
ment.

Preparation of soluble enzyme extracts from
sporulating cells. A. Ultrasonic disruption-normal
procedure (10, 22). Samples (50 ml) of a sporulating
culture of B. sphaericus (250 ml) were removed at
intervals and centrifuged at 12,000 x g for 10 min at
4 C. The cells were washed with 5 ml of buffer B [50
mM/tris(hydroxymethyl)aminomethane - hydrochlo-
ride, pH 8 at 25 C, 10 mM MgCl2, and 4 mM dithio-
threitoll at 4 C and were suspended in 1 ml of buffer
B at 4 C in a 15-ml Corex test tube. These cells were
disrupted for 10 min using the microtip of a Branson
J17V sonifier (Heat Systems, Inc.) at a power setting
that just failed to cause cavitation. The tip was
precooled, and the tube was immersed in a bath at
-10 C during disruption. Phase-contrast microscope
observations indicated complete fragmentation of
the sporangia at all stages of sporulation but per-
sistence of forespores after T,. The disrupted cell
suspensions were centrifuged at 48,000 x g for 10
min. The supernatant fluid was mixed at 0 C with 3
ml of saturated (NH4)2SO4 containing 0.1 mM ethyl-
enediaminetetraacetic acid, pH 7.5. After 30 min at
0 C, the protein precipitate was collected by centrif-
ugation at 12,000 x g for 10 min, dissolved in 1 ml of
buffer B, and stored at -80 C.

B. Disruption of whole cells by grinding with
alumina. Cells from a sample (50 ml) of a sporulat-
ing culture of B. sphaericus at T5, containing 40%
prerefractile forespores, were isolated as described
above. This pellet (300 mg, wet weight) was mixed
with 900 mg of levigated alumina (Norton) in an ice-
cooled mortar and ground by hand for a total of 5
min to give a thick paste. The paste was mixed by
grinding with 2 ml of buffer B and was centrifuged
at 12,000 x g for 10 min. The pellet was suspended in
2 ml of buffer B and centrifuged, and the combined
supernatants were centrifuged at 48,000 x g for 10
min. The soluble proteins were isolated by
(NH4)2SO4 precipitation, as described above, and
dissolved in 1 ml of buffer B.

C. Sequential disruption by normal ultrasonic
treatment, followed by grinding with alumina. Wet
pellets (about 200 mg, wet weight) remaining after
ultrasonic disruption by procedure A (above) were
mixed with alumina (600 mg) and, after grinding for
5 min, the soluble proteins were isolated and precip-
itated with (NH4)2SO4, as described above. They
were dissolved in 0.5 ml of buffer B.

D. Sequential disruption by brief and prolonged
ultrasonic treatment, followed by grinding with
alumina. Samples (50 ml) of a sporulating culture of
B. sphaericus (1 liter) were removed at intervals and
centrifuged as described in procedure A. After wash-
ing with buffer B (5 ml), the cells were suspended in
2 ml of buffer B in a 30-ml Corex tube at 4 C. These
cells were disrupted for 1 min using the 1.27-cm step
horn of the J17V sonifier at about 15% of maximum
power. Phase-contrast microscope observations indi-
cated about 50% fragmentation of the sporangia.
After centrifugation at 48,000 x g for 10 min, the
soluble proteins were isolated from the supernatant
fluid by precipitation with (NH4)2SO4, as described
above, and dissolved in 1 ml of buffer B, giving
enzyme preparations S1.
The pellet of partially broken sporangia was re-

suspended in 2 ml of buffer B and disrupted for 10
min with the 1.27-cm step horn, as described above,
resulting in 100% disruption. The soluble proteins
were isolated by centrifugation and (NH4)2SO4 pre-
cipitation, as described above, and dissolved i1i 1 ml
of buffer B, giving enzyme preparations S2.
The pellets from the second ultrasonic disruption

(about 200 mg, wet weight) were ground with alu-
mina (600 mg) as described above. The soluble pro-
teins were extracted with 1 ml of buffer B, precipi-
tated with (NH4)2S04, and dissolved in 0.5 ml of
buffer B to give enzyme preparations G.

E. Preparation of clean, dry spores and prepara-
tion of soluble enzymes from them. A culture (750
ml) ofB. sphaericus was shaken in a 2-liter baffled
flask for 15 h at 33 C. At this time, 97% of the cells
contained mature, phase-bright spores, but only
10% of these spores were free from sporangia. After
storage without shaking at 4 C for 2 days, 60% ofthe
spores were free, and they were harvested by cen-
trifugation at 12,000 x g for 10 min and washed with
100 ml of 20 mM KHPO4, pH 7.8 (buffer A). The
spores were suspended in 16 ml of buffer A and
subjected to ultrasonic disruption with the microtip
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216 TIPPER AND LINNETF

of a Branson J17V sonifier for 30 min while im-
mersed in a bath at -8 C. This resulted in complete
disruption of the remaining sporangia but had no
apparent effect on the free spores, which were iso-
lated by centrifugation at 12,000 x g for 10 min. The
pellet was washed twice by resuspension in buffer A
(using brief ultrasonic treatment) and centrifuga-
tion. The final pellet contained 1 or 2% ofphase-dark
spores and small amounts of cellular debris but no
intact vegetative cells or sporangia. It was washed
once with water, suspended in about 10 ml of water,
and lyophilized to give clean, dry spores (230 mg).

Spores (100 mg) were suspended in 15 ml of buffer
B, mixed with 20 ml of clean glass beads (0.15 to 0.25
mm), and broken in a Braun cell homogenizer (VWR
Scientific, Bronwill Division). After two periods of
breakage of 1 min at maximum speed with continu-
ous cooling with liquid CO2, phase-contrast micros-
copy indicated complete disruption of spores. The
suspension was centrifuged at 35,000 x g for 30 min,
and the protein was precipitated from the clear su-
pernatant fluid with (NH4)2SO4, as described above.
The protein precipitate was dissolved in 2 ml of
buffer B.

F. Preparation of heat-shcoked spores and solu-
ble proteins. A second culture (750 ml) ofB. sphaeri-
cus was harvested after 15 h at 33 C (98% phase-
bright spores, 10% free) and suspended in buffer A
(80 ml). After incubation at 37 C for 2 h, all of the
spores were free, but much cell debris remained.
The spores were suspended in 0.1 M tris(hydroxy-
methyl)aminomethane-hydrochloride, pH 7.5 (at
25 C)-0.01 M MgCl2 (20 ml) containing 0.25 mg of
lysozyme (Sigma Chemical Co.) per ml and incu-
bated at 37 C with gentle shaking for 1 h. B. sphaeri-
cus vegetative cell wall peptidoglycan is slowly hy-
drolyzed by lysozyme (8). Ten percent sodium dode-
cyl sulfate (5 ml) was then added and, after further
incubation for 0.5 h at 37 C, the spores were washed
10 times with water and lyophilized. They then ap-
peared to be entirely free of contamination by frag-
ments of sporangial cells and were about 2% phase
dark.
Dry spores (65 mg) were suspended in water (20

ml) and incubated at 65 C for 1 h. This heat activa-
tion results in rapid germination on suspension in
appropriate media. After centrifugation, the pellet
of heat-activated spores was lyophilized and mixed
with 200 ,ul of buffer B and 600 mg of alumina and
ground for 8 min. Soluble proteins were extracted
with 1 ml of buffer B and precipitated with
(NH4)2SO4 as described above. The precipitated pro-
teins were dissolved in 0.5 ml of buffer B.
Enzyme assays. All enzyme assays were per-

formed as previously described (10, 22). One unit of
enzyme will convert one micromole of substrate to
product in 1 min under these standard assay condi-
tions. Specific activity is presented as milliunits per
milligram of protein. Protein was determined by the
Lowry procedure (12).

RESULTS
Development of resistance to ultrasonic dis-

ruption in forespores. In all of our previous

publications concerning the soluble enzymes in-
volved in the synthesis of the nucleotide-penta-
peptide precursors of peptidoglycans in B.
sphaericus (10, 11, 22), these enzymes were ob-
tained by ultrasonic disruption and precipita-
tion with (NH4)2SO4, as described in procedure
A above. After T6, when 60% of the cells con-
tained semirefractile forespores, both phase-
dark and semirefractile forespores were resist-
ant to even 10 min of ultrasonic disruption,
according to procedure A. At least 75% of the
forespores were recovered in the pellet of resid-
ual particulate material, and the supernatant
fluid from this procedure represented largely
the sporangial cytoplasmic contents.
Recovery of soluble enzymes from sporan-

gia and forespores by grinding with alumina.
Membrane fragments have been prepared from
sporulating B. sphaericus cells by grinding
with glass beads in a colloid mill (5), and it was
observed that this procedure did disrupt semi-
refractile forespores. However, this procedure
was not applicable to small quantities of cells or
forespores. Cells at 4, 5, and 6 h of sporulation,
containing 0, 40, and 80% semirefractile fore-
spores, were disrupted by ultrasonic treatment
(procedure A, 10 min), resulting in complete
disruption of sporangia and production of solu-
ble enzyme fractions S (Table 1). The pellets
from centrifugation, containing forespores,
were ground with alumina. After subsequent
addition of buffer and centrifugation, the resid-
ual insoluble cell fragments formed a pig-
mented layer on top of the alumina, and micro-
scopic examination of this layer enabled the
degree of disruption to be assessed. This was
somewhat variable but was complete in those
preparations for which the data is presented in
Table 1. Although the 4-h sample contained
fully engulfed forespores, the pellet after ultra-
sonic disruption was largely debris, and grind-
ing of this residual particulate material re-
leased only 3.4% of the total soluble protein.
This is apparently a nonspecific fraction, since
it had a low specific activity of the Lys ligase,
which is enriched in the forespore fraction (see
below). Maximal yields of soluble protein in the
fraction released by grinding were already
achieved in the second sample, which had only
40% refractility, and the properties of this frac-
tion and that released from the third sample
were similar. These fractions contain a very
low specific activity of the Dpm ligase and less
than 2% of the total Dpm ligase activity,
whereas they contained a relatively high spe-
cific activity of the Lys ligase and between 17
and 26% of the total activity of the cells. For
each cell preparation, mixing of the soluble
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SITE OF SPORE CORTEX PRECURSOR SYNTHESIS 217

TABLE 1. Sequential disruption of sporulating B. sphaericus cells: distribution of Lys and Dpm ligase
activities

% of total
Sporu- % Refrac- Enzyme Soluble Ligase sp act (mU/mg)
lation tilitya- Prepn protein Soluble Ligase activity

Dpm Lys protein Dpm Lys

4 0 S 49.2 0.08 0.75 96.6 99.5
G 1.68 0.00 0.10 3.4 0.5

5 40 S 45.6 0.65 0.62 91.4 98.4 83
G 4.28 0.12 1.37 8.6 1.6 17
TG 40.2 0.66 0.86 100

6 80 S 44.6 1.35 0.40 92.2 99.5 74
G 3.98 0.08 1.65 7.8 0.5 26

a Cells, all of which were terminally swollen, contained the indicated proportion of semirefractile
forespores. Soluble enzyme preparations (S) were prepared by prolonged ultrasonic disruption according to
procedure A in the text. Soluble enzyme preparations (G) were obtained from the residual insoluble material
by grinding with alumina (procedure C). Preparation TG was from cells ground without prior ultrasonic
treatment (procedure B). Protein is given as milligrams per 100 ml of culture.

enzyme fractions from ultrasonic and grinding
treatments gave specific activities approxi-
mately the average of those found with the
individual enzyme fractions. Thus, neither
fraction contained an inhibitor or activator not
also found in the other fraction. Moreover,
when a sample of the 40% refractile cells was
ground without prior ultrasonic treatment, the
specific activities of the Dpm and Lys ligases
were approximately those expected from the
combination of the total material isolated pre-
viously by sequential ultrasonic and grinding
treatments; therefore, both treatments give
similar recoveries of enzyme activities (Table
1).

Equivalent activities of enzymes involved in
the syntheis ofthe nucleotide-pentapeptide pre-
cursor of vegetative cell wall peptidoglycan
could be obtained from exponential phase vega-
tative cells, either by grinding with alumina or
by ultrasonic disruption (Table 2). It is con-
cluded that these two treatments are equally
effective in preserving the activity of these en-
zymes but that grinding with alumina is capa-
ble ofreleasing soluble enzyme from cell compo-
nents that resist ultrasonic treatment.
The Dpm ligase released from the sporulat-

ing cells by ultrasonic treatment shows the pre-
viously described (10, 22) increase in specific
activity between 4 and 6 h of sporulation (Table
1), whereas the Lys ligase activity in the same
fraction shows the previously described (10, 22)
decrease in specific activity.
Peptidoglycan precursor synthesizing ac-

tivities in mature spores. Mature, dry spores
that had been freed of residual sporangial frag-
ments by prolonged ultrasonic treatment and
washing could be broken by shaking with glass
beads. The resultant soluble enzyme fraction

contains specific activities of the L-lysyl and D-
alanyl-D-alanine ligases, D-alanyl-D-alanine
synthetase, and alanine racemase within a fac-
tor of two of those found in vegetative cells
(Table 2). Like vegetative cells, they were de-
void ofdetectable Dpm ligase activity (Table 2).
Mature spores of B. sphaericus, which have
been freed from residual sporangial fragments
by autolysis and treatment with lysozyme, fol-
lowed by washing with 2% sodium dodecyl sul-
fate and heat activation for 1 h at 65 C, were
capable ofgerminating with high efficiency and
synchrony (D. J. Tipper, unpublished data).
These sodium dodecyl sulfate-washed, heat-
shocked spores should be free of any surface-
bound enzyme activities, yet they still con-
tained all of the enzyme activities needed for
synthesis of the precursor of vegetative cell

TABLE 2. Enzyme activities in mature spores and
vegetative cellsa

Sp act (mU/mg)

Activity Spore prepn Vegetative prepn
Alu- Beads Alu- Ultra-
mina mina sonic

L-Ala ligase 11 ND 12 6.5
D-Glu ligase 5.1 ND 3.8 6.9
L-Lys ligase 5.2 3.56 4.5 2.84
Meso-Dpm ligase 0 0 0 0
Dpm:Ala-Ala ligase ND 30.1 ND 28.1
Lys:Ala-Ala ligase 62 32.0 52 26.8
Ala-Ala synthetase 8.0 9.65 10 10.5
Ala racemase ND 89 ND 44

a ND, Not determined. Procedures for prepara-
tion of soluble enzymes are as follows (see text).
Vegetative preparations: alumina, procedure B; ul-
trasonic, procedure A. spore preparations: alumina,
procedure F; beads, procedure E.

VOL. 126, 1976
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218 TIPPER AND LINNETT

wall peptidoglycan from UDP-MurNAc (Table
2). Again, this preparation was devoid ofdetect-
able Dpm ligase activity. As previously de-
scribed (10), the enzyme preparations from veg-
etative cells do not distinguish between the
altemate UDP-MurNAc-tripeptide acceptors
for i-alanyl-D-alanine, which contain either
Dpm or Lys in the C-terminal position. This is
also true for the enzyme released from mature
spores (Table 2).

Distribution of Dpm and Lys ligase activi-
ties during forespore maturation. Samples of
cells from a synchronously sporulating culture
ofB. sphaericus were disrupted by two sequen-
tial ultrasonic treatments, followed by grinding
with alumina (procedure D above). The first
ultrasonic treatment was brief and used a 1.27-
cm step horn with a lower power output density
than the microtip previously used. It was hoped
to achieve more uniform degradation of the
cells and the isolation of intact forespores at an
early stage. The initial ultrasonic treatment
resulted in about 50% cell breakage. The sec-
ond, prolonged treatment resulted in complete
breakage of sporangia and left the majority of
forespores intact only when the sporangia con-
tained 50% or more prerefractile forespores, as
in the normal procedure. The yield of soluble
protein released by the final grinding procedure
(Fig. 2) was maximal from this time (5.5 h,
sixth sample) and was similar to the 8% found

previously (Table 1). No significant difference
was seen between the supernatant enzymes
from the two ultrasonic treatments, and only in
the fifth sample (at 5.2 h) and in subsequent
samples does the soluble protein released by
grinding represent a specific forespore fraction
of the cells. Thus, in the first four samples, all
of the ligase activities of both sporangial and
forespore fractions are found in the superna-
tants from ultrasonic disruption, and this frac-
tion of the fifth sample also contains considera-
ble forespore material. However, this fraction
from the sixth and subsequent fractions is rela-
tively free of forespore components.

The data for Dpm ligase show the expected
appearance of activity at about 4 h of sporula-
tion, increasing over the next 2-h period in
parallel with the appearance of semirefractile
forespores. The activity of Dpm ligase in the
fraction released by grinding is negligible, even
in the later fractions in which the recovery of
forespores was high. Since these fractions were
not washed, even the small amount of activity
found probably represents contaminating spor-
angial material.
The Lys ligase activity in the supernatant

fluids from ultrasonic disruption shows the pre-
viously described (22) fall after a transient rise
in the second sample (about 3.5 h). In contrast,
the fractions released by alumina grinding
from forespores from 5.2 h on (fifth and subse-

soat

3 4 5 6 7 3 4 5 6 7
HOURS SPORULATION

FIG. 2. Distribution ofDpm and Lys ligase activities between sporangia and forespores during forespore
development. Cells at the indicated stage ofsporulation were sequentially disrupted (procedure D, text) by two
ultrasonic treatments (preparations Sl and S2) and by grinding with alumina (preparations G). Specific
activities of ligases in the supernatant fractions from these procedures are presented. (A) Percentage of the
total soluble protein (Sl + S2 + G) in preparations G (0). Specific activities ofDpm ligase in preparations SI
(0), S2 (-), and G (A). (B) Percentage of semirefractile forespores (dotted line). Specific activities of Lys
ligase in preparations Sl (0), S2 (O), and G (A).
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quent samples) show relatively high and con-
stant specific activities of Lys ligase. When the
distribution of total activity ofthe Dpm and Lys
ligases is calculated between the sporangial
and forespore fractions, again it is found that
the forespore fraction contains less than 2% of
the Dpm ligase activity but 20 to 25% of the Lys
ligase activity.

Distribution of other enzymes involved in
peptidoglycan precursor synthesis during
forespore maturation. The soluble enzyme
preparations obtained by ultrasonic disruption
of sporulating B. sphaericus cells between T4.5
and T7 showed an approximately twofold in-
crease in specific activity of D-Ala-D-Ala ligase,
D-Ala-D-Ala synthetase, and D-Glu ligase dur-
ing this period (Fig. 3), as previously described
(10, 11). This corresponds to the second period of
synthesis of these enzymes, which occurs coor-
dinately with the appearance of Dpm ligase
activity (11), as shown in Fig. 3. L-Ala ligase
activities were not determined, and data for Si
(shown) and S2 were very similar. The specific
activities found in the forespore-specific G frac-
tions (from T5.2 on) were essentially constant
and similar to those found in vegetative cells
and mature spores (Table 2), although scatter
in the data would obscure minor variations.

DISCUSSION
The process of bacterial cell wall peptidogly-

can biosynthesis is vectorial. The phospho-
MurNAc-pentapeptide moiety of the UDP-
MurNAc-pentapeptide precursor is transferred
to a C,,-isoprenoid alcohol phosphate acceptor
at the inner surface of the cytoplasmic mem-
brane, converted to a complete disaccharide-
peptide monomer of the completed peptidogly-
can, and polymerized on the outer surface ofthe
membrane. Topography (see Introduction) has
led to the hypothesis (21) that PCW is synthe-
sized from precursors made in the forespore by
the inner forespore membrane, whereas cortex
is synthesized from precursors made in the
sporangial cytoplasm by enzymes in the outer
forespore membrane. It is predicted that, in B.
sphaericus, Dpm ligase, the single unique en-
zyme required for synthesis of the precursor of
cortex peptidoglycan, will be found only in the
sporangial cytoplasm.
Mature spores of B. sphaericus, like vegeta-

tive cells of the same organism, are found to
contain all of the enzyme activities necessary
for the conversion ofUDP-MurNAc to the UDP-
MurNAc-pentapeptide precursor of vegetative
peptidoglycan, but they are found to lack Dpm
ligase. After extensive ultrasonic disruption,
forespores can be isolated from sporulating B.
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FIG. 3. Distribution of other peptidoglycan pre-
cursor-synthesizing activities between sporangia and
forespores during forespore development. The same
preparations for which data on Dpm and Lys ligase
activities are presented in Fig. 2 were used, but only
data for preparations Sl (full lines and solid sym-
bols) and G (dashed lines and open symbols) are
presented. Data for preparations S2 were similar to
those for S1. Symbols: *, O, UDP-MurNAc-L-Ala-D-
Glu-meso-Dpm:D-Ala-D-Ala ligase activities; *, 0,
D-Ala-D-Ala synthetase activities; A, A, UDP-
MurNAc-L-Ala:D-Glu ligase activities; 0, UDP-
MurNAc-L-Ala-D-Glu:meso-Dpm ligase activities.
The sporangium contains 92% of the total soluble
protein, even late in forespore maturation (Table 1,
Fig. 1), and all sporangial soluble protein is found in
preparations Sl + S2. Thus, variations in specific
activities of preparations Sl and S2 reflect mostly
variations in sporangial enzyme contents, independ-
ent of the degree of contamination by forespore con-
tents.

sphaericus cells at T5 or later, essentially free
from contaminating sporangial cytoplasm. At
this stage, when PCW synthesis is apparent in
thin sections but before significant cortex syn-
thesis or spore coat assembly is visible, Dpm
ligase is being actively synthesized in the spor-
angial cytoplasm and is excluded from the fore-
spores, as predicted. The period from T4.5 to T6.5
is also the second period of accumulation during
sporulation of all of the enzymes common to the
synthesis of vegetative and cortical peptidogly-
can precursor (11), and the data in Fig. 3 are
consistent with the hypothesis that all of them
are also synthesized in the sporangial cyto-
plasm as a consequence of coordinate derepres-
sion of their structural genes in this cell com-
partment.
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Like mature spores, forespore cytoplasm iso-
lated after T5 contains vegetative levels of ac-
tivity of all of the enzymes required for synthe-
sis of the precursor of vegetative peptidoglycan
(Fig. 3), including a high specific activity of Lys
ligase (Fig. 2). In contrast, the sporangial cyto-
plasmic fraction has already lost 60% of its Lys
ligase specific activity by T2 as a consequence of
dilution (11), and preparations obtained after
T55, when they are essentially free of forespore
material, have an even lower activity of Lys
ligase, in spite of the period of accumulation of
total activity between T2 and T, (11). This in-
crease occurs during the first period of accumu-
lation of activity of all of the enzymes common
to the synthesis ofvegetative and cortical pepti-
doglycan precursors (11), and these data are
consistent with the hypothesis that this first
period of synthesis occurs (to a major extent) in
the forespore, which is being engulfed at that
time, and that these enzymes within the fore-
spore remain stable during the rest of sporula-
tion. Meanwhile, there is a gradual decay ofthe
L-bys ligase within the sporangial cytoplasm.
The decrease seen in Lys ligase activity of soni-
cation supernatant material between T4 and T6
(Fig. 3) is, at least in part, explained by the
decreasing recovery during that period of that
fraction ofthe enzyme activity (25% ofthe total)
residing in the forespores. However, some en-
zyme degradation must also be taking place.
Outgrowth after spore germination must in-

volve considerable synthesis of vegetative-type
peptidoglycan, and the presence of the appro-
priate precursor-synthesizing activities within
the dormant spore is to be expected. Their pres-
ence in the forespore is also consistent with the
hypothesized role of the forespore (21; see
above) in the synthesis of a PCW of vegetative-
type peptidoglycan, and their synthesis during
the earlier stages of sporulation is consistent
with labeling studies on the time of synthesis of
forespore core proteins in B. subtilis (9).
With respect to peptidoglycan-synthesizing

enzymes, the forespore resembles a vegetative
cell, whereas the sporangium expresses sporu-
lation-specific activities. It has been hypothe-
sized (5), on the basis of its substrate specificity,
that the r-Glu:meso-Dpm endopeptidase activ-
ity that accumulates in the membranes of spor-
ulating B. sphaericus between T, and T4 (5) is
located in the outer forespore membrane,
where it could function in the post-polymeriza-
tion steps of cortical peptidoglycan synthesis.
This hypothesis also requires synthesis of this
enzyme activity, which is unique to sporula-
tion, within the sporangium. Spore coat and
exosporium constituents are also assembled

and presumably synthesized in the sporangial
cytoplasm, in which most late sporulation-spe-
cific events seem to take place. However, it
should be emphasized that PCW synthesis is
probably not equivalent to normal vegetative
cell wall synthesis since, in B. sphaericus, it
does not involve synthesis of the structured
external T layer protein, which is found on the
vegetative cell wall (7). There is no morphologi-
cal evidence for its presence adjacent to the
PCW and, in B. polymyxa, which has a very
similarly structured protein layer (16), this is
also absent from the spore and appears very
early during spore germination and outgrowth,
while the spore core is still entirely surrounded
by ruptured spore coats (13). In B. subtilis,
immunological evidence also indicates that the
spores are entirely devoid of the teichoic acid
component of the cell wall but that this appears
immediately on germination (2). Thus, PCW
synthesis appears to be a very limited expres-
sion of vegetative-type cell wall synthesis, in-
volving only the peptidoglycan component. If
this is the consequence of forespore metabo-
lism, it is differentiated from normal vegetative
cell functions.

It may be asked whether the forespore ge-
nome expresses any other sporulation-specific
information or whether it merely behaves like
a vegetative cell under conditions of nutritional
starvation. Clearly, it may play more than a
passive role in the acquisition of dormancy,
heat resistance, ultraviolet resistance, and the
accumulation of low-molecular-weight sub-
stances, such as dipicolinate and sulfolactic
acid (24), which are unique to sporulation.
However, recent data (D. Ellar, personal com-
munication) suggest that active calcium accu-
mulation during sporulation is a function ofthe
sporangial cytoplasmic membrane and that the
accumulated calcium passes through the two
opposed forespore membranes by a more pas-
sive process. It is possible that dipicolinate and
sulfolactic acid are synthesized in the sporan-
gium and transported into the forespore, per-
haps as calcium chelates. Mature spores also
have vegetative levels of proteolytic enzymes
(19), in contrast to the relatively high levels of
protease activity found in sporulating cells, and
these sporulation proteases are also probably
produced within the sporangium. On the other
hand, mature spores ofB. megaterium (18) and
B. subtilis (D. J. Tipper and P. Setlow, unpub-
lished data) contain unique hydrophilic pro-
teins of relatively small size, which comprise up
to 30% of the soluble proteins of the spore. In B.
megaterium these proteins are made in a dis-
crete period between T3 and T4 of sporulation,
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about 1 h before the acquisition of refractility
(18). It seems probable that this sporulation-
specific event occurs within the forespore, since
transport of these proteins from the sporan-
gium seems unlikely.

It is probable that quite distinct sporulation-
specific events are expressed within the sporan-
gium and forespore, and inB. sphaericus it has
been demonstrated that the sporangium alone
expresses the unique information required for
making the precursor of cortex, illustrating the
differential expression of genes within the two
compartments of the sporulating cell.
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