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We have determined the amounts of a number of small molecules and en-
zymes in the mother cell compartment and the developing forespore during
sporulation of Bacillus megaterium. Significant amounts of adenosine 5'-tri-
phosphate and reduced nicotinamide adenine dinucleotide were present in the
forespore compartment before accumulation of dipicolinic acid (DPA), but these
compounds disappeared as DPA was accumulated. 3-Phosphoglyceric acid (3-
PGA) accumulated only within the developing forespore, beginning 1 to 2 h
before DPA accumulation. Throughout its development the forespore contained
constant levels of enzymes of both 3-PGA synthesis (phosphoglycerate kinase
and glyceraldehyde-3-phosphate dehydrogenase) and 3-PGA utilization (phos-
phoglycerate mutase, enolase, and pyruvate kinase) at levels similar to those in
the mother cell and the dormant spore. Despite the presence of enzymes for 3-
PGA utilization, this compound was stable within isolated forespores. Two acid-
soluble proteins (A and B proteins) also accumulated only in the forespore,
beginning 1 to 2 h before DPA accumulation. At this time the specific protease
involved in degradation of the A and B proteins during germination also
appeared, but only in the forespore compartment. Nevertheless, the A and B
proteins were stable within isolated forespores. Arginine and glutamic acid
accumulated within the forespore in parallel with DPA accumulation. The
forespore also contained the enzyme arginase at a level similar to that in the
mother cell and a level of glutamic acid decarboxylase 2- to 25-fold higher than
that in the mother cell, depending on when in sporulation the forespores were
isolated. The specific activities of several other enzymes (protease active on
hemoglobin, ornithine transcarbamylase, malate dehydrogenase, aconitase, and
isocitrate dehydrogenase) in forespores were about 10% or less of the values in
the mother cell. Aminopeptidase was present at similar levels in both compart-
ments; threonine deaminase was not found in either compartment.

The system of sporulation and spore germi-
nation in the various Bacillus species has been
considered a model system for the study of dif-
ferentiation because of its relative simplicity
and the ready application of biochemical and
genetic analyses. An interesting period during
this differentiation process occurs late in sporu-
lation, as the spore is formed within the sporu-
lating cell. This process creates two separate
intracellular compartments, the mother cell
and the forespore (11). Subsequently, the fore-
spore is converted from a compartment carry-
ing out protein and ribonucleic acid (RNA) syn-
thesis and various metabolic reactions to a dor-
mant spore, which is metabolically inactive (4,
15, 36). Understanding of the molecular events
during this period in the sporulation process, as
well as the attendant control mechanisms, re-

quires distinction between the events occurring
in the mother cell and those in the forespore.
Until recently, isolation of intact forespores in
amounts sufficient for biochemical analysis has
been difficult, although techniques for fore-
spore isolation have been described (3). How-
ever, Ellar and Postgate (10) have devised a
simple and rapid technique for isolation of fore-
spores from a lysozyme-sensitive strain of Ba-
cillus megaterium KM. We have utilized this
technique for determining the levels of a num-
ber of small molecules and enzymes in the fore-
spore and in the mother cell compartment in
another strain of B. megaterium. It is hoped
that this knowledge will give insight into the
metabolic and biosynthetic capacity of fore-
spores and suggest possible control mechanisms
that must operate within the mother cell com-
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partment and the developing forespore during
this period in sporulation.

MATERIALS AND METHODS
Reagents and enzymes. L_[1-14C]glutamic acid

was obtained from Schwarz Bio Research, Inc. (Or-
angeburg, N.Y.). All other enzymes and assay re-
agents were obtained from Sigma Chemical Co. (St.
Louis, Mo.). Aminopeptidase, the dormant-spore pro-
tease, and a crude mixture of the A and B proteins
were purified from B. megaterium spores as previ-
ously described (33, 34).
Growth of cells and isolation of the mother cell

compartment and forespores. All work was carried
out with B. megaterium QM B1551, originally ob-
tained from Hillel Levinson (U.S. Army Develop-
ment Center, Natick, Mass.). Spores of this orga-
nism were prepared by growth at 30°C in supple-
mented nutrient broth, harvested, lyophilized, and
stored as previously described (35). All spore prepa-
rations were free of vegetative cells and cell debris
and contained >95% refractile forms when viewed in
a phase-contrast microscope. Growth of sporulating
cells was also carried out at 30°C in supplemented
nutrient broth (35).
The method for isolation of forespores is a modifi-

cation of the procedure described by Ellar and Post-
gate (10). Samples (50 ml) of sporulating cells were
centrifuged (5 min, 10,000 x g) and washed with 25
ml of warm (37°C) buffer A (0.6 M sucrose, 0.1 M
potassium phosphate [pH 7.0], and 16 mM MgSO4).
The cell pellet was suspended in 6 ml ofwarm buffer
A, and, after addition oflysozyme (10 mg), cells from
50 ml of culture were incubated for 10 min at 37°C.
This treatment does not result in formation of true
protoplasts, since the cells do not separate and be-
come spherical. However, they do round up to some
degree and become very sensitive to sonic disrup-
tion. The lysozyme-treated cells were washed twice
with cold buffer A by centrifugation (5 min, 10,000 x
g), and a sample (20 to 40%) of the washed cells was
saved for analysis of compounds in the mother cell
compartment or the whole cell. The remaining cells
were suspended in 6 ml ofcold buffer A and sonically
treated (30 s to 1.5 min, maximum output of a Soni-
fer-Cell Disruptor [Heat Systems-Ultrasonics, Inc.,
Plainview, N.Y.) to release forespores. The sample
was centrifuged (3 min, 9,000 x g) and suspended in
6 ml of buffer A, and the sonic treatment was re-
peated twice, followed by centrifugation for 3 min at
7,000 x g and 3 min at 6,000 x g, respectively. The
final forespore pellets had a very low level of con-
tamination with mother cells and mother cell de-
bris, as determined both by observation in a phase-
contrast microscope and by the low level ofa number
of mother cell enzymes found in the forespores. Fur-
thermore, the recovery of forespores from the sporu-
lating cells was >75%, as determined both by cell
count and by the recovery of several spore-specific
compounds (dipicolinic acid [DPA] and 3-phospho-
glyceric acid [3-PGA]) in the forespores.

In some experiments, KCN (10 mM) was included
in all buffers to prevent both continued protein syn-
thesis and energy-dependent protein degradation
(32, 33). Some experiments also utilized a

tris(hydroxymethyl)aminomethane buffer [0.6 M
sucrose, 0.05 M tris(hydroxymethyl)aminomethane-
hydrochloride (pH 7.4), 0.15 M NaCl, 16 mM MgCl2;
buffer B] both for washing the lysozyme-treated
cells and for the sonic treatment. The results of
experiments done with or without these modifica-
tions were similar where tested.

Extraction of enzymes. Forespores from 30 to 40
ml of culture or lysozyme-treated, washed cells from
10 to 20 ml of culture were suspended in 2 to 3 ml of
50 mM tris(hydroxymethyl)aminomethane-hydro-
chloride (pH 7.4) and 5 mM CaCl2. Phenylmethyl-
sulfonyl fluoride (0.1 mM) was also included, unless
proteolytic enzymes were to be assayed. Enzymes
were extracted from the mother cell compartment of
lysozyme-treated cells (see above) by sonic treat-
ment (30 s) in the presence of glass beads (100-gm
diameter, 1.5 g). This brieftreatment did not disrupt
significant amounts of forespores within the mother
cell, since forespore disruption required longer pe-
riods (4 to 10 min) of sonic treatment under these
conditions. All sonically treated preparations were
centrifuged (10 min; 10,000 x g) and dialyzed at 4°C
against 50 mM tris(hydroxymethyl)aminomethane-
hydrochloride (pH 7.4) and 20% glycerol. Other ad-
ditions to the dialysis buffer included: CaCl2 (5 mM)
for samples to be analyzed for protease (34); MnCl2
(1 mM) for samples to be assayed for phosphoglycer-
ate mutase or arginase (22, 25); dithiothreitol (1
mM) for samples to be assayed for enolase; dithio-
threitol (1 mM) and KCl (50 mM) for samples to be
assayed for pyruvate kinase (8); and dithiothreitol (1
mM) and MgCl2 (2 mM) for all other enzymes.

Extraction of small molecules. Adenosine 5'-tri-
phosphate (ATP) and total adenine nucleotides were
extracted from lysozyme-treated cells and forespores
by using boiling 80% 1-propanol, as previously de-
scribed for extraction of adenine nucleotides from
dormant spores (36). Reduced nicotinamide adenine
dinucleotide (NADH) was extracted using 0.1 M
KOH (27); NAD was extracted with HCl from lyoph-
ilized forespores or lysozyme-treated cells after dry
rupture (24, 27). NADH was converted to NAD, and
pyridine nucleotides were purified by passage
through Sephadex G-10, as previously described
(27). Amino acids, 3-PGA, and DPA were extracted
with boiling water (10 min). After cooling in ice and
addition of acetic acid to 3%, the sample was centri-
fuged (10 min; 10,000 x g), and the protein-free
supernatant fluid was lyophilized. Amino acids were
further purified by chromatography on Dowex-50
(37).
Assay procedures. ATP was analyzed using the

luciferase reaction, and total adenine nucleotides
were analyzed similarly after conversion to ATP
(35). NAD was determined using the cycling proce-
dures of Lowry and co-workers (14) and Setlow and
Setlow (27). Amino acids were quantitated (37), and
3-PGA was quantitated fluorometrically (6). DPA
was determined using the method of Rotman and
Fields (23).

Deoxyribonucleic acid (DNA) and RNA were de-
termined by the diphenylamine and orcinol proce-
dures, respectively (26); protein was determined us-
ing the Lowry procedure (19). Treatment of cells or
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spores to solubilize these macromolecules before
analysis was as previously described (28, 37).

Aminopeptidase and proteolytic activity either on
'4C-labeled carbamylated hemoglobin or on a crude
mixture of the A and B proteins was determined as
previously described (31). Aconitase and malate de-
hydrogenase were determined as described by Szul-
majster and Hanson (38). NAD phosphate-specific
isocitrate dehydrogenase was assayed using the
method of Cleland et al. (5). Ornithine transcarba-
mylase was determined using the procedure of Hun-
ninghake and Grisolia (13). Arginase was deter-
mined by measuring the release of urea from argi-
nine (25>. Glutamic acid decarboxylase was mea-
sured as described by Foerster and Foerster (12), but
14CO2 was measured as previously described (29).
Phosphoglycerate mutase was measured by coupling
this reaction with the enzymes enolase, pyruvate
kinase, and lactic dehydrogenase, as described by
D'Alessio and Josse (7). Enolase was measured simi-
larly by coupling the reaction with pyruvate kinase
and lactic dehydrogenasq. Threonine deaminase
was assayed as described by Leitzman and Bernlohr
(18); pyruvate kinase wap assayed as described by
Diesterhaft and Freese (8). Phosphoglycerate kinase
was measured by coupling this reaction with glycer-
aldehyde-3-phosphate dehydrogenase, as described
by D'Alessio and Josse (7); glyceraldehyde-3-phos-
phate dehydrogenase was measured as described by
Amelunxen (1). The specific activities of proteolytic
enzymes are given as nanograms of substrate de-
graded per minute per milligram of protein in ex-
tracts. All other specific activities are given as na-
nomoles ofproduct formed per minute per milligram
of protein.
The A and B proteins were obtained from lyophi-

lized forespores or lysozyme-treated cells by using
acetic acid extraction of dry-ruptured spores or cells
(30). These proteins were quantitated after their
separation by discontinuous gel electrophoresis at
acid pH (30).
Chromatography of cell or forespore extracts on

diethylaminoethyl-Sephadex was carried out as de-
scribed for purification of the spore protease that
degrades the A and B proteins during spore germi-
nation (34). However, the column volume was re-
duced to 35 ml, 75 ml of each gradient solution was
used, and 3-ml fractions were collected.

RESULTS
Amounts of nucleic acid and protein in

mother cells and forespores. At the earliest
time in sporulation that forespores could be
isolated (2.5 h before half-maximal accumula-
tion of DPA and 3 h after the end of log-phase
growth), they contained significant amounts of
DNA, RNA, and protein (Fig. la). The amounts
of DNA and RNA in the forespores remained
relatively constant from this time on (Fig. la).
However, the protein level in the forespores
increased almost threefold (Fig. la), presum-
ably due to accumulation of spore-specific pro-
teins, such as coat proteins and the A and B
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proteins (30). The youngest forespores isolated
contained 25 to 35% of the total cellular nucleic
acid and -10% ofthe total cellular protein (Fig.
lb). However, as sporulation proceeded, the
synthesis of spore-specific proteins and the deg-
radation of mother cell macromolecules re-
sulted in an increase in the percentage of total
cellular DNA, RNA, and protein in the fdre-
spores (Fig. lb). Throughout sporulation, >85%
of the DPA was found in the forespores (Fig.
lb), as has been observed by others (2, 17).
Amounts ofATP, total adenine nucleotides,

NAD, and NADH. In addition to protein, RNA,
and DNA, forespores also contained significant
amounts of several key small molecules. At the
earliest measurement, forespores contained
-10% of the cells' total free adenine nucleo-
tides. The amount of adenine nucleotide in the
whole cell fell -2.5-fold as sporulation pro-
ceeded (Fig. 2b). In both the youngest fore-
spores and the whole cells, 50 to 70% of the
adenine nucleotide pool was ATP. However,
while the ATP/adenine nucleotide ratio in the
whole cells remained fairly constant, this ratio
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FIG. 1. Amounts of DPA, DNA, RNA, and pro-
tein in the mother cell and forespore during sporula-
tion. Forespores or lysozyme-treated sporulating cells
were prepared, extracted, and analyzed for DPA,
DNA, RNA, and protein. Dormant spores were
treated similarly and were harvested -20 h after
accumulation of the maximum DPA level. (a) Levels
ofDPA, DNA, RNA, and protein in the forespore. (b)
Percentage of total cellular DPA, DNA, RNA, and
protein in the forespore.
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fell dramatically in the forespores at or slightly
before the time at which DPA was accumulated
(Fig. 2a and b). Indeed, when >95% of maxi-
mum DPA was accumulated within the fore-
spores, less than 1% of the forespore adenine
nucleotide pool was ATP, as has also been
found in dormant spores (36).
Findings on pyridine nucleotides were simi-

lar to findings on adenine nucleotides.
Throughout sporulation, the pyridine nucleo-
tides in the forespores accounted for only a
small part (6 to 16%) of the total cellular pool
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FIG. 2. Amounts of ATP and total adenine nu-

cleotides in either (a) the forespore or (b) the lyso-

zyme-treated whole cell. Cells were isolated and ex-

tracted and analyzed for DPA, ATP, or total adenine

nucleotides. The numbered arrows in (a) refer to the

times samples were taken for analysis of pyridine

nucleotides (see Table 1).

(Table 1). Furthermore, forespore preparations
with large amounts of DPA contained no de-
tectable NADH, as was previously found for
isolated dormant spores (Table 1) (37). In con-
trast, the whole cells, as well as forespores
isolated before mnaximal DPA accumulation,
contained significant amounts of NADH, but
the maximum NADH/NAD ratios in forespores
were much lower than those found in the whole
cells (Table 1).
Levels of 3-PGA and enzymes of its synthe-

sis and utilization. Although the mature spore
contains low levels of the high-energy com-
pounds ATP and NADH (Fig. 2, Table 1) (27,
36), it contains a large depot of 3-PGA, a com-
pound utilized in the first minutes of germina-
tion to generate ATP and possibly NADH (27,
36). The 3-PGA accumulated during sporula-
tion 1.5 h before the accumulation of DPA, as

was previously noted (21), and >85% of the
cellular 3-PGA was found in the forespores at
all times tested (Fig. 3). The latter finding was
true upon analysis of either lysozyme-treated
cells and their forespores or untreated cells and
their forespores (data not shown).

In addition to large amounts of 3-PGA, both
the forespore and mother cell compartments of
sporulating cells contained enzymes of 3-PGA
metabolism (Table 2). These enzymes included
those preceding 3-PGA (phosphoglycerate ki-
nase and glyceraldehyde-3-phosphate dehydro-
genase) and those following 3-PGA (phospho-
glycerate mutase, enolase, and pyruvate ki-
nase) in the glycolytic pathway. These enzymes
were present at similar levels in the mother cell
compartment, forespore, and dormant spore
and showed little variation in specific activity
throughout sporulation (Table 2).

Despite the presence of enzymes of 3-PGA
catabolism in the forespore, the 3-PGA depot
was rather stable, and >85% of the 3-PGA was
retained when forespores containing 7% of the
maximum amount of DPA (arrow A, Fig. 3)
were incubated in buffer A for 30 min at 30°C

TABLE 1. Levels ofNAD and NADH in the whole cell and the forespore ofB. megateriuma
NAD plus NADH (pmol/ NADH/NAD

Sample no." DPA accumulated (% of maxi- ml of culture)
mum)

Whole cell Forespore Whole cell Forespore

1 4 915 56 1.29 0.106
2 45 1,097 96 0.28 0.067
3 78 711 114 0.64 0.026
4 95 575 90 0.45 <0.02

Washed dormant 100 <0.02
sporesc

a Samples were harvested, prepared, extracted, and analyzed for DPA, NAD, and NADH.
b Samples were taken at times indicated by the arrow in Fig. 2a.
c Data taken from reference 27.
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° (34). This degradative enzyme in the forespores
/ was separated from the proteolytic activity on
/ the A and B proteins found in the mother cell,

c and indeed this latter enzyme appears to be
<DPA 40 present at extremely low levels in the forespore

< (Fig. 5a and b; and see below). Chromato-
z graphic analysis of extracts either of forespores

20 0 containing 98% oftheir maximal DPA (arrow 2;
Fig. 4) or of dormant spores (arrow 3; Fig. 4)

+ also indicated the presence of a single degrada-
B C____ tive activity towards the A and B proteins,
200 MO0 ISOO which co-chromatographed with the purified

spore protease (data not shown). The specific
UTES activities of the diethylaminoethyl-Sephadex-

PGA within the fore- purified enzymes from the older forespores or
)respores or lysozyme- the dormant spores were similar, and were only
id extracted and ana- 25% higher than that for the similarly purified
Dormant spores were enzyme from the younger forespores (data not
nulation of maximum shown). These data indicate that the specific
s denote times ofisola- spore protease previously implicated in degra-
alyses (see Table 2) or dation of the A and B proteins during germina-
text). tion (34) is accumulated in the forespore signifi-

cantly before DPA is accumulated. Despite the
presence of a protease active on the A and B

Drespores containing proteins, forespores had very low levels of pro-
, Fig. 3), the 3-PGA tease active on hemoglobin (Table 2). However,

t not shown). In con- the mother cells had extremely high levels of
of young forespores protease active on hemoglobin (Table 2). This
uring an incubation enzyme active on hemoglobin also degrades the

for 30 min at 30°C; however, when forespore
preparations contained >60% of maximum
DPA, this compound was completely retained
upon incubation (data not shown).

Levels of proteins A and B and proteolytic
enzymes. Two other compounds destined for
the mature spore that are accumulated late in
sporulation are the unique low-molecular-
weight proteins previously terned A and B pro-
teins (30). As was seen above for 3-PGA, the A
and B proteins were also accumulated only
within the forespore beginning 70 to 100 min
before the accumulation of DPA (Fig. 4). Fur-
thermore, incubation of forespores containing
15% of the maximum DPA in buffer A for 30
min at 300C resulted in the loss of <25% of the
A and B proteins (data not shown).

In addition to the A and B proteins, fore-
spores also contained a degradative enzyme(s)
active on these proteins (Table 2). Diethyl-
aminoethyl-Sephadex chromatography of an
extract from forespores containing only 10% of
their maximal DPA (arrow 1, Fig. 4) indicated
that >80% of the degradative activity towards
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FIG. 4. Accumulation ofproteins A and B within
the forespore during sporulation. Forespores or lyso-

zyme-treated cells were prepared, extracted, and ana-

lyzed forDPA and proteins A and B. Dormant spores
were isolated 20 h after the accumulation of maxi-
mum DPA levels. The numbered arrows denote times
of isolation of samples for analysis ofproteases (see
text and Fig. 5).
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TABLE 2. Enzyme levels in the mother cell compartment, forespore, or the dormant spore ofB. megaterium

Sp act (% of maximum)a

Enzyme lb 2 3- ~~~~Dormant
Mother Fore- Mother Fore- Mother Fore- spore

cell spore cell spore cell spore

3-Phosphoglycerate metabolism
Glyceraldehyde-3-phosphate de- 92 85 94 98 71 100 93
hydrogenase

3-Phosphoglycerate kinase 89 99 88 70 53 93 96
Phosphoglycerate mutase 93 94 93 87 85 91 89
Enolase 100 95 91 88 73 85 85
Pyruvate kinase 84 87 67 94 58 98 89

Peptide bond hydrolysis
Protease on A and B proteins 100 13 80 13 68 16 15
Protease on hemoglobin 100 8 85 5 60 4 4
Aminopeptidase 98 87 97 80 99 100 98

Amino acid biosynthesis or the
tricarboxylic acid cycle

Threonine deaminasec <1 <1 <1 <1 <1 <1 <1
Ornithine transcarbamylase 100 10 54 5 17 4 <3
Aconitase 100 <1 65 <1 20 <1 <1
Isocitrate dehydrogenase 100 <1 54 <1 15 <1 <1
Malate dehydrogenase 90 12 100 11 40 10 10
a The maximum specific activity for a given enzyme is the maximum value in an extract (either a mother

cell or a forespore extract) from sample 1, 2, or 3 or the dormant spore. The values for maximum specific
activities obtained were: glyceraldehyde-3-phosphate dehydrogenase, 87; 3-phosphoglycerate kinase, 101;
phosphoglycerate mutase, 58; enolase, 85; pyruvate kinase, 31; protease on A and B proteins, 37,200;
protease on hemoglobin, 341; aminopeptidase, 78; ornithine transcarbamylase, 2.5; aconitase, 83; isocitrate
dehydrogenase, 89; and malate dehydrogenase, 585.

b Samples were taken at times indicated by the lettered arrows in Fig. 3. Isolation of mother cell
compartment and forespores and enzyme assays were as described in the text. Dormant spores were
harvested 14 to 20 h after accumulation of maximum DPA levels.

e Since threonine deaminase could not be detected in either compartment late in sporulation, the
maximum specific activity of this enzyme was determined on a late log-phase extract. This value was 57.

A and B proteins rapidly (Table 2) (31, 34).
Consequently, the mother cell compartment
has a higher level of proteolytic activity on the
A and B proteins than does the forespore. How-
ever, the activity in the mother cell compart-
ment is due to a different enzyme than the
activity in the forespore (Fig. 5). Both compart-
ments contained similar levels of aminopepti-
dase activity (Table 2).
Levels of amino acids and amino acid-cata-

bolic enzymes. A third set of compounds found
in large amounts in dormant spores ofB. mega-
terium consists of the amino acids arginine and
glutamic acid (20). Accumulation of these
amino acids in the forespores occurred in paral-
lel with the accumulation of DPA (Fig. 6).
Whereas >90% of the cellular arginine was
found in the forespores, the mother cell com-
partment contained the majority of the glu-
tamic acid throughout sporulation (Fig. 6). In
the experiments described above, comparison
of the amounts of amino acid in lysozyme-

treated cells with those in untreated cells ex-
tracted immediately after harvest revealed an
only slightly higher (-10%) amount of amino
acid in the untreated cells (data not shown).
In addition to arginine and glutamic acid,

enzymes for catabolism of these amino acids
were also present in both the mother cell com-
partment and forespores (Fig. 7). Whereas argi-
nase was found at similar levels in both com-
partments at early times, the foresnore level of
this enzyme was three- to fourfolk igher than
the mother cell level later in sporulation. Simi-
larly, the level of glutamic acid decarboxylase
was 2- to 25-fold higher in forespores. The larg-
est differences in the levels ofthe latter enzyme
were seen at the latest times tested, since the
enzyme level increased -10-fold in the fore-
spores as sporulation proceeded. Interestingly,
the level of both arginase and glutamic acid
decarboxylase in the mother cell compartment
fell significantly during sporulation (Fig. 7).
Levels of enzymes of amino acid biosyn-
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FRACTION NUMBER

FIG. 5. Diethylaminoethyl-Sephadex chromatog-
raphy of the degradative activity toward the A and B
proteins in (a) the forespore or (b) the mother cell
compartment. Forespores from 700 ml of culture or
lysozyme-treated cells from 100 ml of culture were
isolated when only 10% of the maximum DPA level
had been reached (arrow 1, Fig. 4). Buffer B was
substituted for buffer A in steps following lysozyme
treatment, and KCN (10 mM) was present. These
preparations were then disrupted by sonic treatment.
After centrifugation (10 min, 10,000 x g) the super-
natant fluid was dialyzed for 20 h against one change
of 20% glycerol, 50 mM tris(hydroxymethyl)amino-
methane-hydrochloride (pH 7.4), 100 mMNaCl, and
5 mM CaCl2 (buffer C). The dialyzed material was
then applied to a column of diethylaminoethyl-
Sephadex A-50 (11 by 2 cm) equilibrated at 4°C in
buffer C. Enzyme was eluted with a linear gradient
of100 to 400 mM NaCl in buffer C (75 ml of each),
and 3-ml fractions were collected.

thesis and the tricarboxylic acid cycle. In ad-
dition to the accumulation of high levels of a
number of compounds, the dormant spore also
lacks or has a low level of a number of com-
pounds present in the log-phase or sporulating
cell. Such compounds include enzymes ofamino
acid biosynthesis and the tricarboxylic acid cy-
cle (16). Although high levels of three enzymes
of the tricarboxylic acid cycle (malate dehydro-
genase, isocitrate dehydrogenase, and aconi-
tase) and one enzyme of amino acid biosyn-
thesis (ornithine transcarbamylase) were found
in the mother cell compartment at the earliest
time tested, none of these enzymes was found
in forespores (Table 2). The levels of all four

enzymes in the mother cells fell rather rapidly,
however, as sporulation proceeded. The amino
acid-biosynthetic enzyme threonine deaminase
could not be detected in either compartment at
these times in sporulation. It has previously
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been reported that in sporulating Bacillus cer-

eus, alanine dehydrogenase is found only in the
mother cell compartment, whereas several
transaminases are associated primarily with
the forespore (3).

DISCUSSION
We have found that five enzymes (protease

active on hemoglobin, ornithine transcarba-
mylase, aconitase, isocitrate dehydrogenase,
and malate dehydrogenase) known to be low or

absent in dormant spores (16) were also absent
or at low levels in forespores at the earliest time
tested, despite significant levels in the mother
cell compartment. Therefore, the loss or exclu-
sion of these five enzymes from the forespore
must occur before the earliest time at which we
isolated forespores. This observation, coupled
with the lack of high protease activity on hemo-
globin in the forespore, is consistent with pre-
vious findings by Ellar et al. (9) that there is
little protein turnover in the forespore compart-
ment after the time when intact forespores can
be isolated. However, it is possible that these
particular enzymes are destroyed by proteolysis
earlier in forespore development.

In addition to the loss of a number of mother
cell proteins, the forespore also accumulates
high levels of three other proteins (A and B
proteins and glutamic acid decarboxylase). This
indicates that either the proteins are synthe-
sized in the mother cell and transported into
the forespore or that the proteins are synthe-
sized on forespore ribosomes using messenger
RNA synthesized in either the mother cell or

the forespore. At present we cannot decide be-
tween these alternatives, but forespores do have
the capacity to generate high-energy phosphate
for protein synthesis, since young forespores
have a high ATP-total adenine nucleotide ratio.
However, if forespores do carry out protein syn-
thesis, it seems likely that amino acids for this
synthesis would be obtained from the mother
cell. Biosynthesis of amino acids, at least of
methionine and arginine, should be low in fore-
spores due to the absence of key biosynthetic
enzymes (37). Indeed, dormant and young ger-
minated spores carry out no biosynthesis of
several amino acids, including arginine and
methionine, until key amino acid-biosynthetic
enzymes are synthesized during germination
(37).
Although some spore proteins may be synthe-

sized within the forespore, work in other labo-
ratories has indicated that DPA is synthesized
only in the mother cell and is transported into
the forespore (2). We feel this may also be true
for the arginine that accumulates in the fore-

spore, since the forespore, but not the mother
cell, lacks at least one enzyme of arginine bio-
synthesis (ornithine transcarbamylase). Since
the forespore and mother cell both contain en-
zymes of 3-PGA biosynthesis, the site of synthe-
sis of the 3-PGA that accumulates in the fore-
spore is unclear.
One of the intriguing observations in this

study is that forespores contain high levels of a
number of compounds (3-PGA, A and B pro-
teins, arginine, and glutamic acid) as well as
the enzymes for catabolism or degradation of
these compounds. In the case of 3-PGA and the
A and B proteins, these compounds and the
enzymes for their destruction are known to in-
teract rapidly during spore germination in B.
megaterium, resulting in >90% loss of both 3-
PGA and the A and B proteins after 10 min (30,
36). In the case of 3-PGA, catabolism is known
to take place via the enzymes phosphoglycerate
mutase, enolase, and pyruvate kinase (36). Sig-
nificant catabolism of glutamic acid by its de-
carboxylase and of arginine by arginase also
takes place early in germination (12, 37). De-
spite this rapid breakdown during germination,
there is evidence that several of these com-
pounds (3-PGA and A and B proteins) do not
turn over during sporulation, once accumulated
in the forespore (21, 30); indeed, we have found
these compounds to be stable within isolated
forespores. These observations taken together
indicate that there is some mechanism(s) oper-
ating within the forespore during its develop-
ment that. prevents these forespore enzymes
from degrading their substrates. Furthermore,
this mechanism(s) must be lost or bypassed in
some fashion during spore germination. It is
possible that elucidation of the mechanism(s)
responsible for maintaining these enzymes in
an inactive state in the developing forespore
may give insight into the causes not only for
the onset of spore dormancy, but also for its
maintainence and its breaking during spore
germination.

ACKNOWLEDGMENTS
This work was supported by grants from the University

of Connecticut Research Foundation and the Public Health
Service, National Institute of General Medical Sciences
(GM-19698).
We are grateful for the excellent technical assistance of

Cynthia Postemsky and Mitchell Dunn.

LITERATURE CITED

1. Amelunxen, R. E. 1975. Glyceraldehyde-3-phosphate
dehydrogenase from Bacillus stearothermophilus.
Methods Enzymol. 41:268-273.

2. Andreoli, A. J., J. Saranto, P. A. Baecker, S. Suehiro,
E. Escamilla, and A. Steiner. 1975. Biochemical
properties of forespores isolated from Bacillus cereus,

VOL. 130, 1977



1138 SINGH, SETLOW, AND SETLOW

p. 418-424. In P. Gerhardt, R. N. Costilow, and H. L.
Sadoff (ed.), Spores VI. American Society for Microbi-
ology, Washington, D.C.

3. Andreoli, A. J., S. Suehiro, D. Sakiyama, J. Takemoto,
E. Vivanco, J. C. Lara, and M. C. Klute. 1973.
Release and recovery of forespores from Bacillus cer-
eus. J. Bacteriol. 115:1159-1166.

4. Church, B. D., and H. Halvorson. 1957. Intermediate
metabolism of aerobic spores. I. Activation of glucose
oxidation in spores of Bacillus cereus var terminalis.
J. Bacteriol. 73:470-476.

5. Cleland, W. W., V. W. Thompson, and R. E. Barden.
1969. Isocitrate dehydrogenase (TPN-specific) from
pig heart. Methods Enzymol. 13:30-33.

6. Czok, R., and L. Eckert. 1963. D-3-phosphoglycerate,
D-2-phosphoglycerate, phosphenolpyruvate, p. 229-
233. In H. Bergmeyer (ed.), Methods of enzymatic
analysis. Academic Press Inc., New York.

7. D'Alessio, G., and J. Josse. 1975. Phosphoglycerate ki-
nase and phosphoglyceromutase from Escherichia
coli. Methods Enzymol. 42C:139-144.

8. Diesterhaft, M., and E. Freese. 1972. Pyruvate kinase
of Bacillus subtilis. Biochim. Biophys. Acta 268:373-
380.

9. Ellar, D. J., M. W. Eaton, C. Hogarth, B. J. Wilkinson,
J. Deans, and J. LaNauze. 1975. Comparative bio-
chemistry and function bf forespore and mother-cell
compartments during sporulation of Bacillus megate-
rium cells, p. 425-433. In P. Gerhardt, R. N. Costilow,
and H. L. Sadoff (ed.), Spores VI. American Society
for Microbiology, Washington, D.C.

10. Ellar, D. J., and J. A. Postgate. 1974. Characterization
of forespores isolated from Bacillus megaterium at
different stages ofdevelopment into mature spores, p.
21-40. In A. N. Barker, G. W. Gould, and J. Wolf
(ed.), Spore Research 1973. Academic Press Inc., Lon-
don.

11. Fitz-James, P. C., and E. Young. 1969. Morphology of
sporulation, p. 39-72. In G. W. Gould and A. Hurst
(ed.), The bacterial spore. Academic Press Inc., Lon-
don.

12. Foerster, C. W., and H. F. Foerster. 1973. Glutamic
acid decarboxylase in spores of Bacillus megaterium
and its possible involvement in spore germination. J.
Bacteriol. 114:1090-1098.

13. Hunninghake, D., and S. Grisolia. 1966. A sensitive
and convenient micromethod for estimation of urea,
citrulline and carbamyl derivatives. Anal. Biochem.
16:200-205.

14. Kato, T., S. J. Berger, J. A. Carter, and 0. H. Lowry.
1973. An enzymatic cycling method for nicotinamide-
adenine dinucleotide with malic and alcohol dehydro-
genases. Anal. Biochem. 53:86-97.

15. Kobayashi, Y., W. Steinberg, A. Higa, H. 0. Halvor-
son, and C. Levinthal. 1965. Sequential synthesis of
macromolecules during outgrowth of bacterial spores,
p. 200-212. In L. L. Campbell and H. 0. Halvorson
(ed.), Spores III. American Society for Microbiology,
Ann Arbor, Mich.

16. Kornberg, A., J. A. Spudich, D. L. Nelson, and M. P.
Deutscher. 1968. Origin of proteins in sporulation.
Annu. Rev. Biochem. 37:51-78.

17. LaNauze, J. M., D. J. Ellar, G. Denton, and J. A.
Postgate. 1974. Some properties of forespores isolated
from Bacillus megaterium, p. 41-46. In A. N. Barker,
G. W. Gould, and J. Wolf (ed.), Spore research 1973.
Academic Press Inc., London.

18. Leitzman, C., and R. W. Bernlohr. 1968. Threonine
dehydratase ofBacillus leicheniformis. I. Purification

J. BACTERIOL.

and properties. Biochim. Biophys. Acta 151:449-460.
19. Lowry, 0. H., N. J. Rosebrough, A. L. Farr, and R. J.

Randall. 1951. Protein measurement with the Folin
phenol reagent. J. Biol. Chem. 193:265-275.

20. Nelson, D. L., and A. Kornberg. 1970. Biochemical
studies of bacterial sporulation and germination.
XVIII. Free amino acids in spores. J. Biol. Chem.
245:1128-1137.

21. Nelson, D. L., and A. Kornberg. 1970. Biochemical
studies of bacterial sporulation and germination.
XIX. Phosphate metabolism during sporulation. J.
Biol. Chem. 245:1137-1145.

22. Oh, Y. K., and E. Freese. 1976. Manganese require-
ment ofphosphoglycerate phosphomutase and its con-
sequences for growth and sporulation ofBacillus sub-
tilis. J. Bacteriol. 127:739-746.

23. Rotman, Y., and M. L. Fields. 1967. A modified reagent
for dipicolinice acid analysis. Anal. Biochem. 22:168.

24. Sacks, L. E., and G. F. Bailey. 1963. Dry rupture of
bacterial spores. J. Bacteriol. 85:720-721.

25. Schimke, R. T. 1970. Arginase (rat liver). Methods
Enzymol. 17A:313-317.

26. Schneider, W. C. 1957. Determination of nucleic acids
in tissues by pentose analysis. Methods Enzymol.
3:680-684.

27. Setlow, B., and P. Setlow. 1977. Levels of oxidized and
reduced pyridine nucleotides in dormant spores and
during growth, sporulation, and spore germination of
Bacillus megaterium. J. Bacteriol. 129:857-865.

28. Setlow, P. 1974. Polyamine levels during growth, spor-
ulation, and spore germination of Bacillus megate-
rium. J. Bacteriol. 117:1171-1177.

29. Setlow, P. 1974. Spermidine biosynthesis during germi-
nation and subsequent vegetative growth of Bacillus
megaterium spores. J. Bacteriol. 120:311-315.

30. Setlow, P. 1975. Identification and localization of the
major proteins degraded during germination ofBacil-
lus megaterium spores. J. Biol. Chem. 250:8159-8167.

31. Setlow, P. 1975. Protease and peptidase activities in
growing and sporulating cells and dormant spores of
Bacillus megaterium. J. Bacteriol. 122:642-649.

32. Setlow P. 1975. Protein metabolism during germination
ofBacillus megaterium spores. II. Degradation of pre-
existing and newly synthesized protein. J. Biol.
Chem. 250:631-637.

33. Setlow, P. 1975. Purification and properties of some
unique low molecular weight basic proteins degraded
during germination ofBacillus megaterium spores. J.
Biol. Chem. 250:8168-8173.

34. Setlow, P. 1976. Purification of a highly specific pro-
tease from dormant spores ofBacillus megaterium. J.
Biol. Chem. 251:7853-7862.

35. Setlow, P., and A. Kornberg. 1969. Biochemical studies
of bacterial sporulation and germination. XVII.
Sulfhydryl and disulfide levels in dormancy and ger-
mination. J. Bacteriol. 100:1155-1160.

36. Setlow, P., and A. Kornberg. 1970. Biochemical studies
of bacterial sporulation and germination. XXII. En-
ergy metabolism in early stages of germination of
Bacillus megaterium. J. Biol. Chem. 245:3637-3644.

37. Setlow, P., and G. Primus. 1975. Protein metabolism
during germination ofBacillus megaterium spores. I.
Protein synthesis and amino acid metabolism. J.
Biol. Chem. 250:623-630.

38. Szulmajster, J., and R. S. Hanson. 1965. Physiological
control of sporulation in Bacillus subtilis, p. 162-173.
In L. L. Campbell and H. 0. Halvorson (ed.), Spores
III. American Society for Microbiology, Ann Arbor,
Mich.


