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The project has dealt with the mechanism of germination of Clostridium
perfringens spores, specifically enzymes involved in this process. The object
was to purify two lytic enzymes which cause germination of these spores. One
is an extracellular enzyme (Initiation Protein) produced during growth; the
other is part of the spore itself and is somehow activated during germination.
The following were achieved during the contract period:

1. We developed an assay for the Initiation Protein (IP) and for the spore-
associated lytic enzyme. This involved the use of "bald" spores. The
spores were stripped of their exterior protein coat. As a result they
were very sensitive to the enzymes in question. The most effective
method for obtaining such spores was treating them with dithiothreitol
and sodium dodecyl sulfate.

2. The IP was partially purified from 7 hr culture supernatant fluid of
cells of C. perfringens. A 3100-fold purification was achieved after
cellulose-phosphate and Sephadex G-100 chromatography. The isolated
IP had an apparent molecular weight of 100,000 and an isoelectric
point of 7.9; it was reversibly inhibited by HgCl, and lysed isolated
cortical fragments from C. perfringens spores. T%e partially purified
material produced 3 bands following disc gel electrophoresis. Activity
was associated with one of the three bands. A broad pil optimum
of between 7 and 9 was found. The IP was sensitive to heat and
pronase, indicating its protein nature,

3. Several alternate methods for purifying or concentrating the IP were
explored. These included isocelectric focusing, and hydroxylapatite
chromatography for purification and polyethylene glycol, rotary
evaporation, ethanol precipitation and others for concentration. Only
ethanol precipitation was judged to be a useful addition to the
original protecol.

4. In an attempt to increase the concentration of IP in the starting
material we modified the growth medium to include additional sodium
phosphate and glucose. This increased IP levels about 30%.

5. The other enzyme we have studied is spore-associated and more difficult
to obtain. Our final protocol involved treating sodium-nitrite
germinated spores with urea-mercaptoethanol at pH 3. More activity

was extracted by this method than any other. The crude, isolated ——
enzyme had a pH optimum of 5.5 and was sensitive to proteolytic di’dz‘
enzyme. Partial purification was obtained by treating the crude

M)

enzyme with sodium phosphate to remove contaminating proteins. L.
To concentrate this enzyme several techniques were explored. 3
Only flowing air dehydration in dialysis sacs was effective. Further -—-
purification was obtained using carboxymethylcellulose and Sephadex T
G-100 chromatography. At this point the purified produce contained —
one major and one minor protein, with a final fold-purification of
1800.
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Sensitivity of chemically treated spores of Clostridium perfringens
type A to an initiation protein

Thomas J. Franceschini and Ronald G. Labbe

Depsrtment of Food Science and Nutrition, Unliversity of Massschusetts, Amherst,
Massschusetts 01003, U.S.A.

Abstract

Extraction of Clostridium perfringens type A spores with dithiothreitol (DTT), DTT plus sodium
dodecy| suiphate (DTT-SDS), urea-mercaptoethanol (UME), or stkali, solubilized from 18.6 to
46.5 of the total dry weight of spores. The initiation of germination and lysis of such treated
spores with lysozyme and an initiation protein (IP) from the culture supernatant fluid of sporu-
lating cells of C. perfringens was studied under various conditions. The ability of lysozyme and
the crude P to induce germination and lysis of extracted spores was concentration dependent

up t0 0.5 ug/ml and 5.6 mg/m! respectively, 1P showed an optimum of activity between pH 7
and 8 for DTT-SDS and DTT extracted spores, and between pH 6 and 9 for UME extracted
spores. The optimum temperature of activity for IP was §5°C. Dissimilarities in the extent to
which lysozyme and the 1P initiated germination and lysis of spores extracted by various methods
may have been a reflection of the differences in amounts of protein solubilized by each treatment.

Introduction

Gould and Hitchins (1963) first reported that bacterial spores were sensitive to lyso-
zyme after treatment with various physical and chemical agents which ruptured the
disulphide bonds of spore coat protein. Since then lvsn7vme-initiated germination
of heat-injured Clostridium perfringens spores has been demonstrated (Cassier and
Sebald 1969; Duncan ez al, 1972; Adams, 1973). Treatment of C. perfringens spores
with reducing agents that removed spore coat layers (Cassier and Ryter, 1971 ; Labbe
etal, 1978) also rendered these spores sensitive to lysozyme. The removal or alter-
ation of spore coat protein presumably allowed lysozyme to penetrate and attack
the mucopeptide of the spore cortex (Gould and Hitchins, 1963).

The action of lysozyme on heat injured C. perfringens spores was mimicked by
a factor, termed “initiation protein’, which was produced by sporulating C. perfringens
cells (Cassier and Sebald, 1969, Duncan et al, 1972). This factor was not produced
by vegetative cells. In this report, we describe the effects of this initiation protein
on chemically extracted spores of C. perfringens and demonstrate its similarity to
lysozyme in this regard. In addition, several factors influencing the activity of initiation
protein are presented.

Materials and methods

Culture methods )

C perfringens type A strain, National Collection of Type Cultures (NCTC) 8798
(Hobbs serotype 9), was inoculated (2 drops) from cooked meat medium (Difco)
into 20 ml of fluid thioglycollate medium. The latter was heated for 10 min at 75°C,
cooled with tap water and incubated overnight (16 h) at 37°C. The entire culture
was then inoculated into 2,000 mi of Duncan and Strong (DS) sporulation medium
(Duncan and Strong, 1968), modified by replacing starch with 0.4% raffinose and
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incubated at 37°C. After 24 h the culture (containing spores free of their sporangis)
was cooled to approximately 4°C to minimize spore germination during harvesting.
The culture was then harvested by centrifugation at 16,000 x g for 15 min at 4°C.
The spores were washed repeatedly (10 to 12 times) with cold distilled water until s
spore suspension containing a total of less than 5% germinated spores and vegetative
cells was obtained, as confirmed by phase contrast mictoscopy. The spores were
frozen as a pellet until further use.
Preparation of initistion protein
Concentrated culture supernatant fluid (CSF) containing the initiation protein (IP)
was prepared from 7 h cultures of C. perfringens NCTC 8798 grown in DS sporulation
media as described above. Cultures were centrifuged as described above and the super-
natant fluid was concentrated by overnight dialysis against polyethylene glycol
(Carbowax 20,000, Sigma) at 4°C. A ten-fold concentrate was obtained and was
stored frozen until used.
Extraction procedure
Clean spores were suspended in 25 ml of cold distilled water and sonified briefly to
disrupt clumps. The suspension was adjusted to an optical density (OD: Bausch and
Lomb Spectronic 20) at 600 nm of 1.0 (dry weight: 7.0 mg/ml). After centrifugation
at 12,000 x g for 10 min, the spores were resuspended in 25 ml of the various reagents
described below. Following extraction with gentle stirring for 2 h at 37°C (1 h for
UME, and 30 min at 4°C for NaOH treated spores) the mixture was centrifuged at
12,000 x g for 10 min. The spores were washed three to five times with cold distilled
water and then frozen until used. The supernatant fluid was dialysed overnight at
2°C in distilled water (except in the case of dithiothreitol-sodium dodecyl sulphate
DTT-SDS which was diclysed ot room temperature), and protein content was deter-
mined by the method of Lowry et al (1951). .
The spores were extracted by four different methods (a) 0.05 M DTT, (b) 0.05 M
DTT plus 0.5% (w/v) SDS, both prepared in 0.05 M glycine-NaOH buffer, with the
pH adjusted to 10.0 with NaOH, (c) 8 M urea plus 1.0% (v/v) mercaptoethanol (UME),
pH 8.5, and (d) 0.1 N NaOH.

Table 1 Extraction of protein from spores of C. perfringens i

Extraction method Dry weight of spores (%) .
NsOH 186
UME N0
oTT %8
DTT-808 L X

Spores were entracted ge described in Mothede,
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“Figure 1 Effect of the concentration of CSF and lysozyme on the initistion of germination and
Wsis of DTT-SDS extracted spores of C. perivingens. Assay conuaitions: pH 6.0, 42 mM citrate
buffer, 5 min at 45°C.

Assessment of sensitivity of extracted spores

Germination and lysis of the extracted spores were measured as the decrease in OD
(600 nm) using a Spectronic 20. To 2.5 ml of the appropriate buffer, a sufficient
amount of extracted spores was added to give an initial OD of 0.40 to 0.45. After
pre-incubation of the spore suspension at the appropriate temperature for 2 to 3 min,
0.5 m! of CSF or lysozyme was added. The mixture was incubated at the selected
temperature, and the decrease in OD was recorded during a § min period. The percent
reduction in OD was determined from the linear portion of the curve, after subtraction
of the appropriate blanks.

Results snd discussion

Table 1 presents the amounts of protein extracted from C. perfringens spores by four
procedures. From 18.6% to 46.5% of the total spore dry weight was solubilized using
N2OH and DTT-SDS, respectively. Cassier and Ryter (1971) reported that C. perfringens
spores of this strain extracted with UME or DTT were devoid of spore coats. DI'T- SDS

87 Germination of -C. porfringﬁl spores
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1 treated spores retained a thin layer of coat material. One would expect that such struc-

‘ tural differences would be reflected in a chemical analysis (reported here) of the extracted
coat material which is protein in nature. Yet our results show that the greatest amount

of solubilization occurred using DTT-SDS. A possible explanation is that these authors
used spores produced in a sporulation medium containing starch, while spores used in :
the present study were grown in the presence of raffinose. Electron microscopic obser- :
vations of thin sections of sporulating cells grown in the presence of raffinose reveal that
these spores often contain an additional, although fragmentary, spore coat layer, and
are larger than starch-grown spores (Labbe and Rufner, unpublished results). Such
differences may account for the unexpected results reported here.

Spores extracted with DTT-SDS were treated with different concentrations of lyso-
zyme and CSF. Figure 1 shows that the percentage reduction in OD was proportional
to the amount of lysozyme or CSF added up to a concentration of 0.5 ug/ml and
5.6 mg/ml respectively. The reaction was extremely rapid. At a concentration of
7 mg of CSF per ml a 50% decrease in OD had occurred within S min. Reactions were
equally rapid using lysozyme. Microscopic examination of reaction mixtures revealed
that nearly all extracted spores treated with CSF (initiation protein) or lysozyme had
lysed immediately following germination. The reduction in OD reached 90—95% after
prolonged (10 min at 45°C) incubation. Lysis of chemically or heat injured C. per-
Jfringens spores following lysozyme treatment has not been reported previously

100 = Extraction & SDS-DIT _ :
Method & DIT ;

. €& UME ’
80 ® Untreated

P e T

% reduction in OD

Figure 2 Effect of pH on initistion of germination and lysis of extracted spores of C. perfringens

by CSF. Concentration of CSF was 7.0 mg/m in each of the following buffers: citrate, pi 4.0, ¥
5.0 and 8.0; phosphate 7.0; Tris (hydroxymethyl) sminomethane (Tris), pH 8.0; glycine-hydroxide, .

pH 9.0 and 10.0. Finsl butfer concentration, 42 mMm. Incubated for 5 min at 45°C.

88 Miorobics - T. J. Franceschini and R. G. Labbe
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% reduction in OD
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Figure 3 Effect of temperature on initiation of germination and lysis of DTT-SDS extracted
spores of C. perfringens by CSF. Final CSF concentration, 7.0 mg/ml in 42 mM citrate buffer,
PH 6.0. Incubated for 5 min, except at 65°C and 75°C which were incubated for 2 min,

{(Cassier and Ryter, 1971; Duncan eral, 1972). These workers had only reported on
the effectiveness of lysozyme in promoting germination. This sensitivity to lytic agents
following extraction of spore coat layer(s) emphasizes the protective role of this spore
structure. Untreated spores were resistant to both lysozyme and IP (Figure 1). lieated
(75°C, 15 min) preparations of CSF were ineffective in promoting germination and
lysis. :

IP was able to promote germination and lysis of chemically treated spores over a
broad pH range (Figure 2). An optimum between pH 7 and 8 was observed for DTT
and DTT-SDS extracted spores while UME extracted spores allowed a much broader
optima between pH 6 and 9. The relative effectiveness of initiation protein on spores
extracted by different methods, as reflected in the extent of germination and lysis,
may have been a function of the amount of protein solubilized by each method (Table
1). Spores extracted by DTT or DTT-SDS, which exhibited the greatest percentage

89 Germination of C, perfringens spores




‘ .eduction in OD, released larger amounts of coat protein than spores treated with UME
NaOH. NaOH extracted the least amount of protein, and such treated spores were not
affected by initiation protein at any pH. In a study of proteins solubilized following
chemical treatment of Bacillus thuringiensis spores, Somerville et al (1970) also found
that the degree of lysozyme sensitivity (germination) of such extracted spores was
dependent on the method of extraction.

The effect of temperature on germination and lysis of spores extracted with DTT-
SDS is shown in Figure 3. Incubation of the reaction mixture at $5°C gave the opti-
mum response although the activity of initiation protein remained high at 65°C and
75°C. Denaturation of the CSF precluded assays above 75°C.

It is apparent that the actions of lysozyme and the initiation protein contained in
CSF can affect altered spores of C. perfringens quite differently depending on the
type of chemical treatment to which the spores have been subjected. In addition,
both can promote recovery and, more specifically, promote germination of heat in-
jured spores of this species (Cassier and Sebald, 1969; Duncan et al, 1972; Adams,
1973). Yet, as reported here, when spores are treated with agents that remove coat
layers, lysozyme and IP cause not only germination but also cell lysis. In this respect
the IP behaves similarly to lysozyme-like products produced by other micro-organisms
(Okada and Kitahata, 1973; Takahara et al., 1974; Morita et al, 1978; Ochietal,
1978). However, it is not a true lysozyme (N-acetylmuramidase) since it is ineffective
against Micrococcus lysodeikticus cells (Duncan et al, 1972). Furthermore, character-
ization of the biochemical nature of the IP awaits its purification.
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Extraction of Spore-lytic Enzyme from Clostridium perfringens Spores

By DAVID E. GOMBAS anxpD RONALD G. LABBE*®

Food Microbiology Laboratory, Department of Food Science and Nutrition, University of
Massachusetts, Amherst, Massachusetts 01003, U.SA.

(Received 10 December 1980; revised 17 February 1981)

Various chemical reagents known to extract spore coat protein were used to extract
spore-lytic enzyme (SLE) from intact and germinated spores of Clostridium perfringens. Of
the reagents tested, 7-2 M-urea plus 10% (v/v) mercaptoethanol, pH 2-85. solubilized the
most SLE activity per mg spores. The quantity of SLE extracted was dependent on the initial
pH of the reagent, with a maximum between pH 2-7 and 3-0. Germinated spores yielded
more SLE than non-germinated spores upon urea/mercaptoethanol extraction. SLE release
during spore germination probably utilizes a trigger mechanism not satisfied by germination
alone. Significant amounts of SLE were released during germination when spores were
suspended in potassium chloride or a complex germinant mixture containing brain-heart
infusion, yeast extract and chloramphenicol. but not during germination with sodium nitrite.
which non-enzymically lysed the cortical peptidoglycan. Greater solubilization of SLE
activity was obtained by urea/mercaptoethanol extraction of spores germinated with nitrite
than of spores germinated with either potassium chloride or the complex germinant.

INTRODUCTION

Powell & Strange (1953) postulated the presence of an enzymic lytic system in bacterial
spores and its role during germination. Since then, the spore-lytic enzymes of Bacillus cereus
have been isolated and extensively studied by Strange & Dark (1957). Gould ez al. (1966),
Warth (1972) and Brown er al. (1975, 1977. 1978). In most cases, this Iytic system was
found to hydrolyse the peptidoglycan of the spore cortex. resulting in germination-like
changes in the spore. Warth (1972) found that B. cereus spores contain four separate
cortex-degrading enzymes. Brown er al. (1977) reported that cortex-lytic activities were
localized in both the core and in the coat fraction. and these could be isolated separately by
particular extraction procedures. Further evidence for the association of cortex-lytic
(germination) enzyme with the coat fraction follows from the observation that, in several
cases, treatment of dormant spores with reagents which remove spore coat have resulted in a
reduced ability of those spores to germinate. This has occurred with, for example,
urea/mercaptoethanol (UME) treatment of Bacillus megaterium (Vary, 1973). alkaline
dithioerythritol/sodium dodecyl sulphate treatment of B. cereus (Aronson & Fitz-James,
1976), dithiothreitol/urea or alkaline treatment of Clostridium bifermentans (Wyatt &
Waites, 1974), and alkaline treatment (Duncan er al.. 1972) or alkaline dithiothreitol
treatment of Clostridium perfringens (Labbe et al., 1978). These observations could be the
result of the cortex-lytic enzymes being either solubilized and removed or simply inactivated
by the trcatments. Indeed, Brown er al. (1978) have extracted and purified a cortex-lytic
enzyme from B. cereus spores using urea/mercaptoethanol and guanidine/mercaptoethanol.
However, it is not clear whether this enzyme plays the only or a major role in germination
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since they were unable to observe germination-like changes in sensitized spores following
trecatment with this enzyme.

On the other hand. very little has been published on the lytic systems of other bacterial
spores. In particular, a similar cortex-lytic enzyme was only recently reported in C.
perfringens by Ando (1979), who found that spores germinated in the presence of potassium
chloride at pH 7-0 exuded an enzyme capable of hydrolysing cortical fragments and causing
germination of atkali-trcated (coat-altered) spores.

In this study, several of the methods known to extract bacterial spore coats were tested for
their ability to extract active spore-lytic enzyme from C. perfringens spores.

METHODS

Organism. Clostridium perfringens NCTC 8798, Hobbs serotype 9 (H9) was originaily obtained from C.
Duncan. University of Wisconsin.

Media and sporulation. Spores of C. perfringens H9 were grown and cleancd as described by Franceschini &
Labbe (1979). Final spore suspensions containcd less than 1% vegetative cells, as determined by phase-contrast
microscopy.

Preparation of germinated spores. Cleaned spores were suspended in 25 mM-sodium phosphate buffer, pH 6-0,
and heated at 75 °C for 15 min. For spores germinated with nitrite (N germinated spores), suspensions were
brought to 0-1 M-sodium nitrite in the same buffer and a fina) spore concentration of about S mg (initial dry wt)
ml-*, and held at 45 °C for 45 min: at this time microscopic examination showed greater than 95 % phase-dark
spores. For ‘non-germinated’ spores. suspensions were treated similarly but the nitrite was omitted: less than 10%
of these spores became phase-dark. For potassium chloride-germinated spores (K-germinated spores). sodium
phosphate buffer and sod:um nitrite were replaced by 50 mM-potassium phosphate buffer, pH 7.0, and 50
mM-potassium chloride. Spores germinated in a complex medium (CG-germinated spores) were prepared by
incubation in a final concentration of §-0% (w/v) brain--heart infusion plus 0-5% (w/v) veast extract plus 30 pug
chloramphenicol ml-*. Greater than 95% of the spores germinated by these methods were sensitive to heating at
75 °C for 15 min.

£nzyme extraction. Alter gemination. spores were pelleted by centrifugation at 3020 g tor 10 min, washed
once with cold sterile distilled water, and resuspended in one of the extraction reagents at 5-8 mg (initial dry wt)
mi-%. The ‘acidic’ extraction reagents included 7-2M-urea (U). 3-6 M-guanidine. HCI (G). 10% (v/v)
mercaptoethanol (ME), 50 mm-dithiothreitol (DTT). 7-2 M-urea plus 10% (v/v) mercaptocthanol (UME) and
3.6 m-guanidine. HCI plus 10% (v/v) mercaptocethanol (GME). The "alkaline’ reagents included UME, DTT and
ME. Spores were extracted at 45 °C for 90—120 min. except for spores in reagents containing guanidine which
were extracted for 60 min only (see below). After extraction the spores were removed by centrifugation at 3020 g
for 10 min and the supernatant fluid was dialysed overnight against distilied water at 4 °C before assaying for
enzyme activity and protein concentration. In some experiments enzyme activity was assaved during germination.
In these cases. samples were taken at specified intervals, the spores were removed by centrifugation as above, and
the supernatant was assayed directly without prior dialysis.

In some cases. spore pellets were re-extracted with acidic UME for 120 min, centrifuged as above, and the
re-extracted material was dialysed overnight before assaying for activity and protein.

Enzyme assay. Spore-lytic enzyme (SLE) activity was assayed using spores stripped of their coat protein, as
described by Franceschini & Labbe (1979). These were prepared by treating clean spores with 50
mw-dithiothreitol plus 1% (w/v) sodium dodecyl sulphate, pH 10-0, at 37 °C for 2 h followed by extensive
washing with distilled water. Stripped spores were suspended in either 25 mM-sodium phosphate, 2§
mM-Tris/maleate or 25 mm-maleate buffer, pH 6-0. to & turbidity of 0-4 10 0-5 at 600 nm. Assays were performed
at 37 °C in a Beckman 25 specirophotometer equipped with a kinetic system. Activity was determined from the
linear decrease in turbidity. One unit (U) of activity was defined as a decrease in A g5 Of 0-01 min~?,

In some experiments. cortical fragments, prepared from strain 8798 spores by the method of Hashimoto ef al.
(1972), were used in place of stripped spores. and the turbidity was monitored at 400 nm.

Protein assay. Protein was assayed by the method of Bradford (1976), using crystalline bovine serum albumin
83 a standard.

Chemicals. Urea, mercaptoethanol, dithiothreitol, chloramphenicol and bovine serum albumin were obtnined
from Sigma. Guanidine.HC) was from Eastman Kodak. sodium nitrite was from J. T. Baker Chemical Co.
(Phillipsburg, N.J., U.S.A), and potassium chloride and sodium thioglycollae were from Fisher Scientific
(Fairlawn. N.J., U.S.A.). Brain-heart infusion and yeast extract were obiained from Difco. All chemicals were
reagent grade.
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Table 1. Extraction of spore-lytic enzyme from non-germinated and nitrite-germinated spores
of C. perfringens

Clean spores were heated (75 °C. 15 min). then cither incubated in sodium phosphate buffer (non-
germinated spores) or germinated in sodium nitrite (N germinated spores) as described in Methods.
Spores were washed once in cold distilled water before extraction. Extracted sporcs were removed
by centrifugation and the extracts were dialysed overnight before assaying for protein and SLE
aclivity. Reagents: U, 7-2 M-urca: G, 3-6 M-guanidine. HCl; ME, 10% (v/v) mercaptocthanol:
DTT, 50 mm-dithiothreitol; UME, 7-2 M.urea plus 10% (v/v) mercaptoethanol; GME. 3-6 M-guani-
dine. HC! plus 10% (v/v) mercaptocthanol.

Non-germinated spores N-germinated spores
Eltnclion r A N r A —
procedure Specific Specific
—A— Protein Activity activity Protein Activity activity

Reagent pH mgml™)  (Uml') (Umg™) (mgml-')  @UmlY)  (Umg™)
NaPO, 6-0 0-05 01 NM
NaNO, 6-0 0-05 0-2 NM
UME 8.3 0.12 0-4 29 0-28 0-1 NM
DTT 8.3 0.30 0-6 18 0-32 01 NM
U 3.0 0-15 1.7 [} 0-17 2-8 16
G 3.0 0-05 -~ 0-4 NM 0-05 0] NM
ME 3.0 0.47 140 290 0-15 01 NM
UME 30 1-00 170 170 1-10 320 290
GME 3.0 0-06 09 15 0-67 68 160
DTT 3.0 0-16 4-3 27 0-19 0-1 NM

NM, Not measurable.

RESULTS AND DISCUSSION
Extraction of spore-iytic enzyme (SLE)

Non-germinated spores and nitrite-germinated spores (N-germinated spores) were
extracted with sodium phosphate, sodium nitrite and reagents known to extract spore coat
protein (Table 1). Detectable SLE activity was found in ail extracts of non-germinated spores.
with acidic urea/mercaptoethanol (UME) and mercaptoethanol (ME) extractions yielding the
highest specific activity (170 and 290 U mg~", respectively). Extraction of non-germinated
spores with dithiothreitol/sodium dodecyl sulphate, pH 10-0, did not yield detectable activity
(data not shown).

Extraction of N-germinated spores failed to yield significant enzyme activity except with
acidic UME and guanidine/mercaptoethanol (GME). The specific activity obtained using
acidic UME (290 U mg~") was comparable with that obtained when non-germinated spores
were extractcd with acidic ME, but the SLE activity extracted from the N-germinated spores
was more than twice that obtained from the non-germinated spores (320 versus 140 U ml").
No enzyme activity was detected in the supernatant fluid of heated (75 °C. 1S5 min), intact
spores or N-germinated spores.

The surprisingly high SLE activity obtained from N-germinated spores prompted an
investigation into the extraction of spores germinated by means other than nitrite. These
germinants were KC1 (Ando. 1979) and a *complex germinant’ (CG). Like nitrite, both of
these germinants led to rapid germination without observable outgrowth. However. unlike the
supernatant fluid from N-germinated or non-germinated spores. the germination exudates
with these germinants had significant levels of SLE activity (94 and 11 U ml-! for CG- and
K-germinated spores. respectively: Table 2). Spores germinated in these media yielded
significant SLE activity only when extracted with acidic ME, U and UME. The latter
extracted the highest concentration of SLE regardless of the method of germination. As in the
case of N-germinated spores. extraction of CG- or K-germinated spores with alkaline
reagents did not yield significant levels of active SLE. nor did extraction with DTT, pH 3-0.




40 D. E. GOMBAS ANDR. G. LABBE

Table 2. Extraction of spore-Iytic enzyme from CG- and K-germinated spores of C. perfringens

Clean spores were heated (75 °C. 15 min) and germinated in cither complex germinant (CG) or
potassium chloride (K) as described in Methads. Extraction conditions and reagents were as in
Table 1. Four K-germinated spore pelicts were collected after extraction and each was re-extracted
in UME, pH 3.0, for 120 min. Both the re-extracted material and the initial extracts were treated

identically.
Re-extracted
CG-germinated spores K-germinated spores K-germinated spores
Extraction - A e A ~— A -
procedure Specific Specific Specific

i ——A—— Protein Activity activity Protein A.ctivi(y activity  Protein  Activity  activity
Reagent pH (mgm! ') (Umi™') (Umg™") (mgml ') (Um!') (Umg™') (mgml~') (Uml"') (Umg™")

, cG 7.0 0-08 ] 1200 .-

e K 10 NM 1" NM ’ -
ME 8.5 0.38 0-2 <1 0-41 0-2 0-5
UME 8.5 063 <0-1 <1 0-98 <0-1 <1 0-08 47 600
DTT 8.5 049 1-0 2 0-68 0.5 1
V) 30 006 22 370 0-10 58 580
G 30 012 2.0 17 01 NT NM )
ME 3.0 013 72 550 0-10 130 1300 0-11 300 2700
UME 3.0 023 110 470 0-16 300 1900 0-41 68 170
GME 3.0 0O-1 1.0 9 0-09 0-5 6 0-32 200 630
DTIT 30 nNMm 0.2 NM 0-04 09 20

NM, Not measurable; NT, not tested.

Alkaline UME treatment of K-germinated spores produced about fivefold more protein
than acidic UME treatment (0-98 versus 0-16 mg mi~!). When both such treated spores were
re-extracted with acidic UME, those spores which had originally been extracted with acidic ‘
ULLE continued to releasc both protein and active SLE, although au 4 much ivwer wtai
activity than obtained during the first extraction (68 versus 300 U ml~*). Those spores which _

. ~ had previously been extracted with alkaline UME did not release much more protein upon
re-extraction (0-08 versus 0-98 mg ml~') but did release more enzyme (47 versus <0-1 U
ml~'), i.e. about the same as that released by re-extraction of spores originally extracted with
acidic UME. If alkaline UME had been unable to extract SLE specifically. then high levels of
SLE might have been expected upon re-extraction with acidic UME. As this was not the case,
it is likely that, although effective in solubilizing spore proteins. alkali solubilizes SLE in an
irreversibly inactive form. Acidic UME re-extraction of spores previously extracted with
acidic ME and GME indicated that a substantial amount of active enzyme remained in the
spore after the initial extraction with these reagents. Consequently, as with non-germinated or
N-germinated spores. acidic UME was the best of the reagents teste for extraction of active
SLE. SLE extracted by UME hydrolysed isolated cortical fragments of strain 8798 (data not
shown).

Brown et al. (1978) reported that extraction of B. cereus with acidic UME produced
inconsistent levels of SLE, while GME worked well. We found the contrary to be true for C.
perfringens. Acidic UME extraction of N-germinated spores yielded a continuous increase in
active SLE solubilized during 120 min, while GME extracts, first assayed at 60 min, showed a
40% loss of SLE activity by 120 min (data not shown). Unlike UME extractions, GME
extractions were very dependent on the ratio of reagent to spores, losing activity more rapidly
at greater dilutions. For example. N-germinated spores (7 x 10”) extracted in 8-0 ml GME
for 60 min yiclded only 569% of the active SLE obtained when the same number of spores
were extracted in 4.0 ml GME. Further, SLE activity in the more dilute system decreased
809% by 120 min. .
S The loss of activity upon prolonged extraction ‘of spores in GME was not surprising, since
; R this compound is an active protein denaturant. Urca acts in the same way yet, for some
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reason did not irreversibly inactivate SLE. These reagents probably act by pecling away
layers of spore coat after disulphide cross-links, which secure the coat structure, are broken
by mercaptoethanol. It is not known if SLE remained active during extraction, or was
denatured by UME and renatured during dialysis. UME cxtracts assayed before dialysis did
not display any activity, but since SLE activity is sharply inhibited by high ionic strength
(D. E. Gombas & R. G. Labbe, unpublished data) it was not possible to distinguish between
these possibilities.

Effect of pH on extraction of SLE

It was apparent that, of the methods tested, acidic UME yielded the highest activity of
SLE. This was true for both non-germinated and germinated spores. UME has been used by a
number of researchers for extracting spore coats, and the importance of pH was
demonstrated by Gould & Hitchins (1963). We therefore examined the effect of the initial pH
on extraction of protein and enzyme activity from N-germinated spores. The pH of UME was
found to be critical in the extraction of SLE. The highest SLE activities were extracted at pH
values of 2-7 and 3.0 (data not shownj. At pH values below 2-3 or above 3.5, both
extractable activity and protein dropped off dramatically (10% and <0-5% of optimum
activity, respectively). Gould & Hitchins (1963) have reported this sharp pH range for
extraction of spore coat material in B. cereus. They suggested that it might be because spores
are reported to have a net zero charge around pH 3, and that this could influence the
accessibility or reactivity of spore coat disulphide bonds. Brown et al. (1977) have suggested
that this pH range is effective because mercaptoethanol is most effective as a reducing agent
around pH 3. A starting pH of 2.85 was selected for all further studies.

Influence of the sulphydryl reagent on extraction of SLE

Urea (7:2 M) was included with 1.3 M-DTT or 1.3 M-sodium' thioglycollate or Z2:6 M
(209%) ME, and each was compared with 7-2 m-urea plus 1-3 M (10%) ME (UME) for their
ability to extract protein and SLE from N-germinated spores. Increasing the concentration of
ME did not significantly affect the amount of protein or SLE extracted (data not shown).
Similar levels of protein and enzyme activity were obtained when urea plus DTT was used in
place of UME. -

The importance of the sulphydryl reagent is not yet clear. Although acidic ME alone was
capable of extracting significant amounts of SLE, DTT was not. When coupled with urea,
both sulphydryl reagents responded synergistically, and with equal efficiency. However, urea
plus thioglycollate, pH 2-85, was incapable of extracting active SLE, or significant amounts
of protein. .

Release of SLE during germination

As previously mentioned, after germination with KC1 or CG, a significant level of SLE
activity was detected in the exudate. Figure 1 shows the kinetics of release of this activity
from spores germinated with KCl, NaNOQ, or CG. Microscopic examination at each sampling
time showed that greater than 95% of KCl- and NaNO,-treated spores had germinated
within 30 and 45 min, respectively. However, only 60 U ml~' was released by germination
with KC1 and none with NaNO,. No SLE activity was detected following incubation of
heat-shocked or unheated spores (non-germinated) in sodium phosphate buffer (data not
shown). Although the initial rate of SLE release and phase-darkening in CG occurred more
slowly than in KCl, the final activity approached 40 times that of the K-germinated spores.
The presence of chloramphenicol did not significantly affect the levels of SLE released by
spores germinated in CG, but did prevent spore outgrowth (data not shown). As with UME
extracts, the KCl exudate and the CG exudate were active in hydrolysing cortical fragments.
These preparations were not characterized further.
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Fig. 1. Release of SLE in exudate during germination of C. perfringens spores. Clean spores were
heated (75 °C. 15 min) and germinated at 45 °C with sodium nitrite (O). potassium chloride (@) or
complex germinant (D) as described in Methods. At intervals. samples were centrifuged and the
supernatants were assayed for SLE activity without prior dialysis. Arrows indicate the times at which at
least 95 % of spores were phase-dark.

Since SLE, present in the germination exudates of K- and CG-germinated spores, was
absent from the supernatant of N-germinated spores. some relevant properties of NaNO,
were explored. It was possible that NaNO, might inactivate SLE during germination.
However, SLE did not lose any activity upon holding for up to 1'h in NaNO,, pH 6-0, at
corzantrations as high as 160 mu (final nitrite concentration during SLE assay was 32 mm).
At *_ .personal communication) has suggested that nitrite will nop-anzymically hydrplyse
spore peptidoglycan at pH 4-0. We tested this in.our system by incubating cortical fragments
in the presence of increasing concentrations of NaNO,. pH 6-0, and found that there was a
significant increase in the rate of turbidity decrease with NaNO, at concentrations above 58
mM. In assay spore suspensions with 200 mM-NaNO,,. turbidity decreased at a rate of 7-4 x
1073 Ay units min-'; this was 16 times faster than in the absence of NaNO, When
incubated in 200 mM-KNO,, cortical fragments and assay spores both showed similar rates
of decrease in turbidity to those observed with NaNO,, but neither cortical fragments nor
assay spores showed a significant decrease in turbidity when incubated in 200 mM NaCl or
KCI (data not shown). Further, NaNO, had a 10-fold higher spore-lytic activity at pH 6-0
than at pH 8.0 (data not shown). indicating the protonated form of nitrite was the active
agent. Our results therefore support Ando’s findings. i.e. that nitrite, or nitrous acid, will
non-enzymically lyse spore cortex, and thereby cause spores to germinate.

With this system, it is clear that germination. by itself. is necessary but not sufficient for
release of SLE from the spore. The latter requires a release mechanism which seems to be
satisfied by CG. only partially satisfied by KCl and not satisfied by NaNO, at all.

Germination with CG most closely approaches germination of spores in typical C.
perfringens growth media. Therefore, gradual release of SLE during germination would be
expected to aid in the germination of nearby spores which are deficient in'this enzyme, or
injured. e.g. by heat, but permeable enough to accept the enzyme. This could explain the
presence of *secondary’ or satellite colonies which frequently appear on plates of heat-injured
C. perfringens spores after prolonged incubation (Cassier & Ryter, 1971).

Kinetics of release of SLE by UME
As shown in Tables ] and 2, the highest SLE extraction was obtained by extracting spores
using acidic UME. However, it was not directly clear whether these conditions affected the
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Fig. 2. Kinetics of relcase of SLE during UME extraction of C. perfringens spores. Clean spores were
heated (75 °C. 15 min) and either *non germinated’ (Q). or germinated with sodium nitrite (@).
potassium chloride (0) or complex germinant (M), as described in Methods. until at least 95 %o of spores
were phase-dark. Spores were washed once in cold distilled water. and extracted with UME. pH 2-85. at
45 °C. Samples were dialysed overnight before assaying for protein (a). SLE activity (b). or specific
SLE activity (¢). -

-

quantity of active SLE extractable by UME. The kinetics of release of protein and SLE from
non-germinated and N-, K- and CG-germinated spores are shown in Fig. 2. Germination was
required for maximum protein extraction (Fig. 2a). but the germinant used did not
significantly affect either the rate or extent of protein extraction. However, the germinant used
did significantly affect the total activity extracted. The greatest amount of SLE. expressed as
U ml-! or U mg~', which could be extracted with UME was obtained from spores germinated
with nitrite. K- and CG-germinated spores yielded less activity (Fig. 24, ¢). While UME was
capable of extracting protein from the non-germinated spores at about half the rate of
germinated spores. extraction of active SLE was even more retarded, resulting in 2 maximum
specific activity only 10% of that obtained from N-germinated spores in 2 h,

Both Gould et al. (1966) and Ando (1979) have suggested that germination is a necessary
step for maximum release of SLE from spores. Results presented here support this
observation, as extraction of non-germinated spores yielded far less protein and active
enzyme. The reason for this is not known. Although Gould et al. (1966) could not obtain
evidence that this is due to activation of zymogens, they suggested it might be due to release
of the enzyme from a bound form. Release of SLE in the presence of chloramphenicol
suggests that de noto synthesis during germination is not responsible for the disparity in
active enzyme levels. This is further supported by the results of Cleveland & Gilvarg (1975).
who found that spores of B. megateriunt Ivs mutants were equally capable of germination in
the presence or absence of exogenous lysine. Further. UME extraction of vegetative cells
prepared in Fluid Thioglycollate Medium. a glucose-rich asporogenic growth medium. did not
yield detectable activity (data not shown). indicating that extractable SLE is not a product of
vegetative cell metabolism.

It is not yet possible to say that the SLE released from the spore during germination is the
same protein as the SLE extracted by UME. Indeed. Warth (1972) identified four separate
cortex-degrading activitics in spores of B. ccreus. However, it is interesting to note that,
although the differences are not stoichiometric. the germinated spores which extde the least
amount of SLE, i.e. N-germinated spores. yield the greatest concentration of SLE upon UME
extraction, and that the converse is also true.
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PARTIAL PURIFICATION AND CHARACTERIZATION OF AN INITIATION PROTEIN FOR
GERMINATION FROM CLOSTRIDIUM PERFRINGENS SPORES
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An initiation protein which promoted germination of dithiothreitol-sodium dodecyl sulfate-treated spores of
Clostridium perfringens was purified from 7-h culture supemnatant fluid of cells of Cl. perfringens. A 3100-fold
purification was obtained after cellulose-phosphate and Sephadex G-100 chromatography. The isolated product
had an apparent molecular weight of 100000, an isoelectric point of 7.9, was reversibly inhibited by HgCl, and
lysed isolated cortical fragments from C/. perfringens spores.

In 1969 Cassier and Sebald [1] reported that heat-
injured spores of ‘heat-sensitive’ strains of Clostridi-
um perfringens which were otherwise non-viable
could germinate and form colonies if the plating me-
dium contained lysozyme (EC 3.2.1.17). The same
phenomenon occurred when sterile culture filtrates of
heat-sensitive spore strains grown in a sporulation
medium replaced lysozyme in the recovery medium.
.-Duncan et al, [2] extended these observations to
include spores of ‘heat-resistant’ strains and indicated
that it was at the germination stage that lysozyme
and the lytic-like factor from the culture filtrate,
termed initiation prctein, acted. Greater than a
10000-fold recovery of spores from thermal injury
was obtained using lysozyme or initiation protein.
This phenomenon has not been reported for spore-
formers of other bacterial species. This prompted us
to investigate further the biochemical properties of
initiation protein. We report here partial purification
and some characteristics of this protein.

Materials and Methods
Organism. Q1. perfringens. NCTC 8798 (Hobbs

serotype 9) was originally obtained from C. Duncan,
University of Wisconsin. Mutants were obtained from

M. Sebald, Pasteur Institute, Paris.

Preparation and assay of initiation protein. Cul-
ture supernatant fluid containing the initiation pro-
tein was prepared from the sporulation medium of
Duncan and Strong [4] which was modified by the
addition of 0.25% glucose. In addition, the phosphate
concentration was raised to 2%. The assay involved
the measurement of the germination rate of Cl. per-
fringens NCTC 8798 spores which had been pre-
treated to remove spore coat protein [3].

Chromatography. To 81 7-h culture supernatant

. fluid of modified medium was added 81 distilled,

deionized water. To this was added sufficient amount
of a slurry of charged cellulose phosphate (Sigma
Chemical Co.) to bind all initiation protein activity.
The cellulose phosphate had been prepared by the
addition of 500 ml Buffer A (10 mM sodium phos-
phate (pH 6.5)/0.075 M NaCl/0.02¢- sodium azide) to
20g charged cation exchanger. The material was
stirred at room temperature for 30 min. After decant-
ing the unbound culture supernatant fluid, the cellu-
lose phosphate was poured into a 2.6 X 45 ¢cm column
and washed free of 280 nm absorbing material (about
21) with Buffer A. The column was eluted with
buffer B (10 mM sodium phosphate (pH 6.5)/0.2 M
NaCl/ 0.02% sodium azide) at a flow rate of 1.6 ml/

03044165/81/0000-0000/302.50 © 1981 Fisevier/North-Holland Biomedical Press
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min with collection of 12-ml fractions. Positive frac-
tions were pooled and concentrated to about 3 ml by
ultrafiltration through PM-10 membranes (Amicon
Corp.) under nitrogen pressure. This material was
applied to a column (26X 58 cm) of Sephadex
G-100 cquilibrated with Buffer C (50 mM sodium
citrate (pH 6.2)/0.025. sodium azide). The column
was then cluted with Buffer € (2-ml fractions, 1.0 ml/
min). All chromatography was done at 20°C.

Isoclectric focussing. Analytical isoelectric focus-
ing was performed using 10cm tubes of 7.5% acryl-
amide (2.5% bisacrylamide). The pH range of 3—10
was achieved with 0.24% (w/v) solutions of Bio-Lyte
ampholytes (Bio-Rad Laboratories) using 0.06 N
H,804 and 0.02 N Ca(OH), plus 0.04 N NaOH as the
anode and cathode electrolytes, respectively. 750 ug
of the cellulose phosphate-purified, ultrafiltration-
concentrated material was mixed with the acrylamide
before polymerization. Focusing was carried out for
2h at 200V at 4°C. The gels were sliced in 0.5-cm
sections and cluted in 1 ml deionized, distilled water
or 0.5 ml 50 mM citrate buffer, pH 6, for determina-
tion of pH and initiation protein activity, respec-
tively.

Gei Eiecrruphoresis. Disc gel ciectrophoresis was
performed at pH 8.9 and 4.3 as described by Maurer
(S} using Pyronin Y as the tracking dye. 25 ug pro-
tein were applied to the gel. One gel was sliced in 0.5-
cm sections and eluted overnight in 0.5 ml S0 mM
citrate buffer, pH 6, at 4°C for determination of ini-
tiation protein activity. Another gel was stained with
Coomassie Blue G-250.

Molecular weight. The molecular weight of the
protein was obtained by gel filtration on Sephadex
G-100 (2.6 X 58 cm) according to the method of
Andrews [6]. The void volume was determined with
Blue Dextran. Protein standards used were: lysozyme,
14 400; ovalbumin, 43 000; bovine serum albumin,
67000 and alcohol dehydrogenase, 141 000.

Protein assay. Protein concentration was deter-
mined by the method of Bradford [7].

Cortical fragments. These were prepared by the
method of Hashimoto et al. [8} from spores of Cl.
perfringens NCTC 8798.

Results

Purification. Initial purification involved elution of
the crude culture supernatant fluid from a cellulose.

phosphate column with 0.2 M NaCt (Fig. 1). Approx.
16 g protein was applied to the column. Protein
activity was cluted on the rear side of the major
absorbancy peak with a 653-fold purification and a
499 recovery of activity. Fractions containing more
than 600 activity units/ml were concentrated by
ultrafiltration. This step reduced the yield to 23% and
increased purification to 1220-fold.

The concentrated, partially purified initiation pro-
tein was passed through a Sephadex G-100 column
(Fig. 2). Protein activity was located on the tail side
of the major protein peak. Fractions 5962 contain-
ing the majority of the activity were pooled. In an
attempt to stabilize the activity, glycerin (1%) and
sodium thioglycollate (0.1%) were included in the
elution and equilibration buffers. However, these
reduced activity levels and were not used further. A
summary of the purification procedure is given in
Table I. A final 9% yield with 3 H00-fold purification
was obtained. Disc gel electrophoresis (pH 4.3)
revealed the presence of two bands (Fig. 3, insert). A
third diffuse band was also faintly visible.
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Fig. 1. Chromatography of 7 h culture supernatant fluid of
CQl. perfringens NCTC 8798 on cellulose phosphate.
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Hépem‘es of initiation protein

Thermal stability. Sephadex G-100 material was
concentrated by ultrafiltration and placed at low tem-
peratures. Initiation protein held at 4°C slowly lost
activity during a 9-day period (Table II). Activity was
also lost when the material was held at —20°C, about
half during frozen storage for 5 months. Heating at
65°C resulted in a 17% loss of activity. No activity
remained after heating at 75°C for 20 min.

Effect of sulfhiydryl agents. (Table III) Three
sulfhydryl active reagents were tested for their effect
on the protein. HgCl, completely removed activity
but its inhibition was partially reversible by thiogly-
collate. p-Chloromercuriphenyl sulfonate inhibited
51% of the activity. Its inhibition was also partially
reversible. On the other hand, N-ethylmaleimide was
ineffective,

Lysis of cortical fragments. Fig.3 shows the

Fig. 3. Lysis of cortical fragments of CI. perfringens spores by
lysozyme and initiation protein. Insert: polyacrylamide gel
electrophoresis of Sephadex G-100-purified initiation pro-
tein. The protein was obtained foilowing elution of the gel
slice corresponding to arrow (R¢=0.48). Assay conditions:
42 mM citrate buffer, pH 6.0, at 45°C. Concentrations of
lysozyme and initiation protein were 100 ug/ml and 750
units/ml, respectively. Initial absorbance was 0.5. X X,
control, o———o, gel; e———=e, lysozyme.

effect of initiation protein and lysozyme on lysis of
isolated cortical fragments. Treatment of this material
with the protein resulted in a 35% decrease in absor-
bance within 5—6 min. As expected, lysozyme was
very effective in hydrolyzing the cortical material. In
this case 40% of the initial absorbance was lost within
4 min.

Molecular weight. The K, value obtained for the
Sephadex G-100-purified protein corresponded to an
apparent molecular weight of 100000 (data not
shown).

Other characteristics. Both divalent and mono-
valent cations inhibited protein activity to various
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TABLE
SUMMARY OF THE PURIFICATION OF INITIATION PROTEIN FROM C. PERFRINGENS 3
Purification Total activity Total protcin Spec. act. Purification Yield f
(Ux1073) (mg) (U/mg X 10°3) ‘) :
;
Culture supernatant fluid 288 1600 0.18 - 100 i
Celulose-phosphate chromatography 141 1.2 1175 653 49
Concentration by ultrafiltration 66 0.3 220 1220 23 !
Sephadex G-100 chromatogruphy 268 0.048 558 3100 9 ’
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TABLE IR

INACTIVATION OF INITIATION PROTEIN BY TREAT-
MENT WITII SULFHYDRYL REAGENTS

Activity (initiolly 95—110 unity/mD) was measured in the
presence or absence of 10 mM  sodium  thioglycollate.
Inhibitors were added to assay mixture before addition of
initiation protein. Sodium thioglycollate was mixed with the
protein for 1| mn before their addition to the assay mixture.
Abbreviation, p-CMPS, p~<hloromercuriphenylsulfonic acid.

Treatment 3 Activity (% cf original)

Thioglycollate  Thioglycollate

abscnt present
None 100 100
HgCl, (0.1) 0 67
pCMPS (1.0) 49 70
N-Fthylmaleimide (§) 95 99

8 Concentration in mM given in parenthesis,

extents. Those tested included MgCl,, MnCl,, CoCl,,
CaCl,, LiCl, NaCl, KCl, CsCl and NH,Cl, all at 1 mM.
It is likely that this inhibition is an ionic strength
effect. A broad pH optimum of between 6 and 7 was
tound. Acivity feil off sharply on ewtier side of this
range. Isoelectric focusing on polyacrylamide gels
revealed an isoelectric point of 7.9. Finally, activity

TABLE I
THERMAL STABILITY OF INITIATION PROTEIN

Initiation protein activity was measured at pH 6.0. The reac-
tion mixture contained 110-160 U/m! initially. Comparisons
were with untreated material.

Retrigeration (4°C) % Original activity
Refrigeration (4°C)
1 day 100
4 days 63
9 days 27
Freezing (~20°C)
4 days 57
§ months 47
Heat CC) s
48 100
58 97
65 83
75 0

8 Samples were heated for 20 min at indicated temperatures.

o~ 3 Ladhy,

was completely lost following a 30-min treatment
with pronase (50 ug/ml) at 37°C (data not shown).

Discussion

Agents such as calcium and starch have long been
known to promote recovery of bacterial spores from
thermal injury but none approach the effectiveness of
lysozyme or initiation protein with regard to Cl. per-
friugens spores (2]. The protein is similar to lyso-
zyme in that it causes germination and promotes
dramatic recovery of heat-injured Cl. perfringens
spores. As reported here both products hydrolyze
isolated cortical fragments of this organism. They
differ in terms of isoclectric point, pH optimum,
molecular weight and, as previously reported, in the
inability of initiation protein to lyse Micrococcus
lysodeikticus cells [2], the substrate used for lyso-
Zyme assays.

The source of initiation protein in this study was
7-h cultures of ClL perfringens cells. An intriguing
question is whether this protein is a sporulation-spe-
cific product. We have noticed that the greater the
percentage of sporulating cells in the culture the
greater the concentration of the protein in the crnde
supernatant fluid. On the other hand we have also
observed that a mutant blocked at Stage O of sporula-
tion still produced initiation protein in modified spor-
ulation medium (Tang, S. and Labbe, R.G., unpub-
lished data). Further, little sporulation (less than
10%) was observed in the cultures used as a source of
the protein in this study. However, initiation protein
is not produced by vegetative cells growing in a glu-
cose-rich medium [2]. Perhaps its production is a
function of the slow growth rate associated with cells
growing in modified sporulation medium, The use of
a chemostat would be useful in resolving this ques-
tion.

The results reported here suggest that initiation
protein is an enzyme which causes lysis of the spore
cortex. Production of a lytic enzyme by Cl. perfrin-
gens is not surprising since lytic enzymes from Bacil-
Jus sp. have been isolated from culture supernatant
fluid [9-11] or by extraction of intact or disrupted
cells [12-17]. Such lytic enzymes have been impli-
cated in the turmmover of ccll wall peptidoglycan
during growth [18-25], in the separation of daughter
cells at the end of cell division [21,22], in the pro-
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cessing of spore cortex during sporulation [14,17], in
the rclease of the mature bacterial spore from its
sporangium [23,24] and in spore germination [25,
26]. Initiation protein may be involved in these pro-
cesses but in its ability to promote recovery from
thermal injury (reflected here in its ability to lyse
cortical fragments) it probably acts to replace the
naturally occurring spore-lytic enzyme which may be
inactivated by heat. In this way heat-injured spores
could be germinated by (and subsequently outgrow)
the exogenously added protein. We are attempting to
isolate and purify spore-lytic enzyme from intact
spores in an attempt to compare it with initiation
protein.
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