
ABSTRACT 

SHYU, YUANTAY (TED) Purification and Partial Characterization of a 
Novel Calcium-Binding Protein from Bacillus cereus T Spores and 
Inhibition of Germination by Calmodulin Antagonists (Under the 
direction of Dr. Peggy M. Foegeding and Dr. Roger F. McFeeters). 

A novel calcium-binding protein has been purified from the 
dormant spores of Bacillus cereus T. B. cereus T spores were 
extensively washed, broken, and heated at 90 0 C for 2 min. Using 
calcium-dependent hydrophobic interaction chromatography plus 
DEAE-cellulose and hydroxylapatite columns, a single protein was 
obtained which possessed calcium-binding capacity and some 
characteristics of calmodulin. This heat-stable protein was 
retained by hydrophobic matrices (phenyl-Sepharose) or a calmodulin 
antagonist (naphthalenesulfonamide) in a calcium-dependent manner. 
The crude spore extract displaced bovine brain calmodulin from its 
antibody in a radioimmunoassay and the immunoreactive specific 
activity of the partially purified fraction which eluted from phenyl
Sepharose was ca. 200-fold greater than the crude spore extract. 
Purity of this protein was verified by sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) and reversed-phase 
HPLC. Calcium-binding ability was verified with a competitive . 
calcium binding assay using Chelex-100 resin and 45Ca auto-
radiography. SDS-PAGE and amino acid composition indicated the 
molecular weight of the protein was 24-kDa. 

The effects of two calmodulin antagonists, trifluoperazine 
(TFP) and N-(6-aminohexyl)-5-chloro-1-naphthalene sulfonamide 
(W-7). on L-alanine-induced germination of Bacillus cereus T spores 
were examined by measuring commitment to germination, loss of 
heat resistance, release of calcium, decrease in optical density at 
660 nm and phase-contrast microscopy. The kinetics of optical 
density decrease suggested competitive inhibition of TFP or W-7 
with D-alanine (L-alanine analogue and germination inhibitor), as 
determined by Schild plots. Germination inhibition was pH 



dependent. The 150 values for the maximal decreasing rate of optical 
density in 10 mM L-alanine plus 5 mM adenosine at pH 6.4 were 0.21 
and 0.74 mM for TFP and W-7, respectively. The calmodulin 
antagonists are effective at a step in germination after 
commitment, release of calcium and loss of heat resistance. 

These data provide strong evidence that a calmodulin-like 
calcium-binding protein might be a modulator to regulate an 
undefined process which occurs after calcium release. This process 
is necessary in the germination of B. cereus T spores to convert 
phase bright spores to phase dark spores and to cause a decrease in 
optical density. 
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CHAPTER 1, INTRODUCTION 

Bacterial spore germination has been the subject of volumes of 
published research. This is, based on the reasons suggested by Gould 
(1970), due to: (i) germination, when compared to other biological 
events, is a very rapid and irreversible reaction accompanied by 
dramatic physical and chemical changes in the spore, (ii) 
germination abruptly terminates a state of extreme dormancy, (iii) 
typical spore properties such as resistance to heat, radiation, 
desiccation, pressure, electric shock and chemical agents are lost 
during germination, and especially (iv) control of spore germination 
could be useful in sterilization or preservation of perishable 

materials such as food. 
Research in this laboratory has the overall, long-term goal of 

learning how bacterial spores can be controlled by food processing 
practices other than thermal sterilization so that technology would 
be available for production of totally new dairy products with long, 
non-refrigerated shelf-lives. Sporeforming bacteria are responsible 
for spoilage and public health problems in food products. 
Environmental Ca2 + has a unique role in spore germination. This 
study, therefore, is intented to understand more about the 
relationship between Ca2+ and spore germination. 

Upon exposure of bacterial spores to suitable environments, 
dormant spores are transformed, via sequential biochemical and 
physical steps, into vegetative cells within a very short time. The 
mechanisms of the trigger (signal which initiates germination), 
commitment (first irreversible step, possibly the trigger reaction 
itself), and connecting (events after commitment which lead to a 
fully germinated spore) reactions in the spore germination process 
are still unknown. 

Large amounts of calcium are accumulated in bacterial spores 
during sporulation. Calcium plays a role in germination. For 
example, Bacillus cereus spores and Bacillus megaterium spores 
with low contents of Ca2+ were unable to germinate in L-alanine and 
inosine unless Ca2+ was in the medium or a strong electrolyte was 
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present (Rode and Foster, 1966a, b; Rowly and Levinson, 1967; 
Sacks, 1972). More than 90% of the calcium which accumulates 
during sporulation is released during germination (Rode and Foster, 
1966b). CaCI2 can activate B. cereus T spores (Douthit and Preston, 

1985; Kamat et aI., 1985; Nakatani et aI., 1985) and calcium can 
cause germination if the spore coat is removed or weakened. 
Studies involving stepwise extraction of Ca2+ from labelled spores 
(Kamat et aI., 1985) indicated that part of the spore calcium may be 
involved in L-alanine-induced germination. 

Calcium-binding proteins which frequently are involved in 
calcium regulation in eukaryotic cells have not been reported in 
bacterial spores. Dipicolinic acid (OPA) is the only spore component 
with documented calcium binding properties. Calcium-binding 
proteins have been indicated to be present in several prokaryotic 
organisms but have been purified only from vegetative cells of 
Myxococcus xanthus (Inouye et aI., 1981 and 1983), Streptomyces 
erythreus (Leadlay et aI., 1984; Swam et aI., 1987), and Bacillus 
subtilis (Fry, 1988). This study reports a purification scheme for a 
spore calcium-binding protein and the amino acid composition. This 
study also investigated the effect of two common calmodulin 
antagonists, trifluoperazine (TFP) and N-(6-aminohexyl)-5-chloro-
1-naphthalene-sulfonamide (W-7) on the germination response 
induced by L-alanine in B. cereus T spores in order to probe the 
possible involvement of the calmodulin-like calcium-bindi.ng protein 
in germination. 



CHAPTER 2, LITERATURE REVIEW 

Germination 

The nature of germination 

Upon exposure of bacterial spores to suitable environments, 

dormant spores are transformed, via sequential biochemical and 
physical steps, into vegetative cells within a very short time. This 

process is referred to as germination. Although the spore state of 

bacteria was recognized by Ferdinand Cohn and Robert Koch in 1876, 
the mechanisms of the trigger (signal which initiates germination), 
commitment (first irreversible step, possibly the trigger reaction 

itself), and connecting (events after commitment which lead to a 
fully germinated spore) reactions in the spore germination process 

are still unknown. Theories on the nature of the trigger reaction can 

be divided between those suggesting that the trigger reaction is 

metabolic in nature and those suggesting that a conformational 
change at some unidentified site of the spores is involved, such as 

an allosteric change in a surface or membrane protein (Halvorson et 

aI., 1966). 
Several articles in the literature give the hypothesis that the 

trigger reaction is metabolic in nature. Dring and Gould (1975) 

found inhibitors of the electron transport chain and of. adenosine 
triphosphate formation will inhibit germination of B. cereus spores. 
However, these inhibitors probably affect some later stage in the 
germination or outgrowth process (Rossignol and Vary, 1978). 
Freese et· al. (1964) found that certain mutants which are blocked in 
several defined stages of various metabolic pathways are 
simultaneously altered in their germination requirements. This 
provided a second line of evidence to support a metabolic trigger 
reaction. However, germination in these studies was measured by 
decrease in absorbancy, a known 'late event in the germination 

process. Thus, the mutational changes may have affected later 
germination events other than the trigger reaction (Keynan, 1978), 
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To date, evidence that the trigger reaction is an allosteric 
process rather than metabolic is more convincing. Scott et al. 
(1978) did not observe any metabolic changes e.g., reduction of NAD+ 
and synthesis of ATP during the first 3 min of germination of B. 
mega terium. Scott and Ellar (1978) also use labeled L-alanine as 
germ in ant and found no incorporation of metabolic products was 
detected until 2-3 min after addition of germinants. It is therefore 
concluded that a wide variety of metabolic routes, including 
glycolysis, the tricarboxlic acid cycle, the pentose phosphate 
pathway and amino acid metabolism are either not involved in the 
reactions causing the triggering of germination, or operate at an 
extremely low rate during this process. Vary (1978) and Rossignol 
and Vary (1978) demonstrated that non-metabolizable analogues of 
glucose and proline could initiate germination, thus indicating that 
the inducer does not need to be metabolized to induce germination. 

The important role of Ca2 + 

Large amounts of calcium are accumulated in bacterial spores 
during sporulation at stages IV to VI (The reader is refered to the 
following reference for a description of stages of sporulation: 
Russel, 1982). On a dry weight basis, spores of most bacterial 
species contain 2-4% calcium and 5-15% dipicolinic ~cid in an 
approximate 1:1 molar ratio (Hogarth and Ellar, 1978). The 
mechanisms of calcium regulation and accumulation have yet to be 
well established. Calcium transport in the mother cell is energy 
dependent (Hogarth and Ellar, 1978, 1979), but ATP is not the energy 
source. (Seto-Young and Ellar, 1981). However, calcium accumulation 
in the forespore is due to facilitated diffusion (Seto-Young and 
Ellar, 1981). De Vrij et al. (1985) indicated an electrophoretic 
uniporter involved in Bacillus subtilis uptake of calcium is driven by 
.1'1'. A Ca2+/H+ antiporter was first discovered in E. coli (Rosen and 

McClees, 1974) and recently this antiporter protein has been 
purified from B. subtilis (Matsushita et aI., 1986). Although the 
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spore and isolated coat fraction of Bacillus megaterium adsorbed 
Ca++ after acid demineralization, this adsorption was much reduced 
when other cations such as Sr++ and Ba++ were present (Rode and 
Foster, 1966a). Dipicolinic acid is the only spore component with 
documented calcium binding properties. 

Sporulation in distilled water is termed "endotrophic 
sporulation". Accumulation of calcium is required in order to obtain 
normal, heat-resistant spores by endotrophic sporulation (Foerster 
and Foster, 1966). Alderton et al. (1964) found that the mineral 
content of fully mature spores could be altered by ion exchange. 
Subsequently, many workers have used ion exchange to alter the 
mineral content of spores and have found that demineralized forms, 
or H forms, have increased heat sensitivity. Full remineralization 
with calcium of H-form spores, but not other cations, and recovery 
of heat resistance were possible (Marquis and Bender, 1985). 

Calcium also plays a role in germination. For example, 
Bacillus cereus spores and B. megaterium spores with low contents 
of Ca2+ were unable to germinate in L-alanine and inosine unless 
Ca 2+ was in the medium or a strong electrolyte was present (Rode 
and Foster, 1966a, b; Rowley and Levinson, 1967; Sacks, 1972). More 
than 90% of the calcium which accumulates during sporulation is 
released during germination (Rode and Foster, 1966b). CaCI2 can 

activate B. cereus T spores (Douthit and Preston, 1985;, Kamat et aL, 
1985; Nakatani et aL, 1985) and calcium can cause ger.mination if 
the spore coat is removed or weakened. Studies involving stepwise 
extraction of Ca2+ from labeled spores (Kamat et aL, 1985) indicated 
that part of the spore calcium may be involved in L-alanine-induced 
germination. 

Germinant (L-alanine)-binding site. 

L-alanine has long been known to be a particular potent 
germinant for spores of many species of Bacillus (Hills, 1949). 
Spores do not concentrate L-alanine from the medium; rather, uptake 
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of L-alanine is simple free diffusion (Downing and Dawes, 1977). 
Low pH environments decrease the spores germination rate of C. 
botulinum and B. cereus. Since acid environments did not appear to 
inhibit non-specific uptake of L-alanine, alteration in the overall 
ion-exchange properties of the spores seems unlikely (Stewart et 
aL, 1981). Inhibition of germinant binding in acidic environments 
appeared to be due to protonation of a ionizable functional group in 
or near the trigger site (Blocher and Busta, 1985). 

The trigger site (L-alanine-binding site) has been studied with 
fluorescent anisotropic probes and coatless spores. The data 
indicted the trigger site associated with the spore cytoplasmic 
membrane or the inner spore coat layer (Cheng et aI., 1978; Fitz
James, 1971; Labbe et aL, 1978; Vary, 1973; Wolgamott and Durhum, 
1971). Permeability of the spore membrane may be altered during 
the triggering reaction (Keynan 1978, Vary, 1978) and the 
configuration may be changed when exposure to germinants (Racine 
et aL, 1981). 

Using hydrophobic compounds, Yasuda-Yasaki et al. (1978) 
indicated a hydrophobic region is closely associated with the L
alanine receptor site of Bacillus subtilis spore (Yasuda and 
Tochikubo, 1984 a, b; Yasuda et aL, 1982). Studies of gerA mutants, 
which fail to germinate in L-alanine and related amino acids (Moir et 
aL, 1979), revealed that the first two genes specify polypeptides 
containing hydrophobic domains (Feavers et aI., 1985; Zu~eri et aL, 
1987). This polycistrnic operon encodes at least three genes (Zuberi 
et aI., 1985). This is consistent with the hypothesis that the gerA 
region encodes a hydrophobic, membrane-associated, receptor for L
alanine (Sammons et aI., 1981). The kinetics of activation by 
alcohols (Craven and Blankenship, 1985), measurable changes in 
hydrophobic characteristics after heat activation (Craven and 
Blankenship, 1987), and activation under conditions (i.e., an increase 
in pH or the presence of urea, dibucaine, or denaturing neutral salts) 
that disrupt hydrophobic interactions of biological macromolecules 
(Craven, 1988) also indicate the germinant binding sites of 
Clostridium perfringens are hydrophobic. 
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Germination-specific enzymes. 

A number of proteolytic enzymes have been shown to be 
involved in early germination (Boschwitz et aL, 1983, 1985; Gould et 
aI., 1966; Sierra, 1967; Srivastava and Friz-James, 1981; Tesone 
and Torriani, 1975). Quesnel et aL (1977) reported that in certain 
strains of Bacillus cereus and Bacillus subtilis, germination can be 
induced under defined conditions by subtilisin. Subtilisin is a 
proteolytic enzyme isolated from various strains of B. subtilis 
(Sierra, 1967). At least one of these proteolytic enzyme of B. cereus 
spores was inactive in dormant spores but was activated or exposed 
during germination (Boschwitz et aL, 1983). This enzyme was 
inhibited by the same trypsin-like enzyme inhibitors (Ieupeptin, 
antipain, tosyl-L-arginine methyl ester, and tosyl-L-Iysine
chloromethyl ketone) which inhibited germination (Boschwitz et aI., 
1985). There was a correlation between the inhibition of 
germination and the inhibition of enzymatic activity by sulfhydryl
blocking reagents such as p -chloromercuribenzoic acid and Hg2+. L
Alanine-dependent proteolytic cleavage has been proposed as the 
mechanism whereby the germination-specific enzymes is activated 
(Foster and Johnstone, 1986). This putative germination pathway 
has been proposed as: Heat shock activates the L-alanin.e receptor 
protein, which, when triggered by L-alanine, becomes heat
sensitive. This protein may have proteolytic activity which 
converts a proenzyme into an active cortex-lytic enzyme. Cortex 
hydrolysis then allows uptake of water and onset of all other 
downstream germination events. Electron micrographs showed that, 
in the presence of trypsin inhibitors, the spores did not lose their 
cortex (Boschwitz et aI., 1985). Thus, this inhibition must occur at 
an event before cortex lysis and release. 

Lysozyme-like spore lytic enzynie is activated during the later 
stages of germination (Brown et aL, 1978). The spore-specific 
cortical peptidoglycan has been strongly implicated in the 
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maintenance of spore dormancy and is therefore a prime candidate 
as a substrate for such lytic activity. A number of lytic enzymes 
have been isolated from spores, which can be divided into two 
classes (Brown, 1978; Foster and Johnstone, 1987). Firstly, core 
enzymes have been extracted from germinating spores which are 
able to cause germination-like changes in permeabilized spores 
(Gombas and Labbe, 1981; Ando and Tsuzuki, 1984). Secondly, 
surface-bound enzymes can be extracted from dormant spores which 
are unable to germinate permeabilized spores, but are able to 
hydrolyse isolated spore cortex (Brown and Cuhel, 1975). The roles 
of both types of enzymes in the germination process have not been 
established (Gombas and Labbe, 1985; Foster and Johnston, 1987). 
Activation of cortex-lytic enzyme may be due to its release from an 
inactive bound form (Gould et aI., 1966), presence of an enhancing 
factor (Mencher and Blankenship, 1971), or proteolytic cleavage 
(Foster and Johnston, 1986). In contrast, lytic enzyme activation 
during germination of Clostridium perfringens has been shown to be 
an energy-dependent process (Ando and Tsuzuki, 1984). 

The first minutes of germination of spores of various Bacillus 
and Clostridium species are accompanied by the degradation of up to 
25% of the spore's protein (Setlow, 1985). Production of amino 
acids by proteolysis is essential for rapid protein synthesis during 
the latter stage of spore germination in an amino acid-deficient 
environment, since dormant spores lack many free amino acids as 
well as a number of enzymes for syntheses of amino acids (Nelson 
and Kongberg, 1970; Setlow, 1988). A group of proteins called small 
acid-soluble proteins (SASP) contribute more than 90% of the 
protein degraded during spore germination. The SASP are unique to 
the spores. They are synthesized late in sporulation and degraded 
early in spore germination (Setlow, 1985). One SASP-specific 
protease has been purified from Bacillus megaterium (Loshon and 
Setlow, 1982). This protease is synthesized during sporulation in 
parallel with synthesis of its SASP substrates and activated in 
germination by proteolytic cleavage. 
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Calcium-binding proteins 

Families of calcium-binding proteins 

More than a century has passed since Sydney Ringer suggested 
the essential importance of the calcium ion in the maintenance of 
frog heart contractility (1883). Subsequently, considerable amounts 
of data suggest that calcium ions play a critical and central role in 
various biological events, as a second or intracellular messenger 
(Rasmussen, 1970). The calcium ion itself is inactive; its activity 
is mediated through a homologous class of calcium-binding proteins 
and/or C-kinase (Rasmussen, 1986). Before reviewing the families 
of calcium-binding proteins, the C-kinase regulation will be 
considered briefly. 

Diacylglycerol is converted from phosphotidylinositol 4,5-
bisphosphate by membrane-bound phospholipase C and activates 
protein kinase C in the presence of phospholipid, particularly 
phosphatidylserine. This process is stimulated by the interaction of 
an extracellular ligand and its membrane receptor which results in 
activation of phospholipase C. Protein kinase C modulates its target 
proteins through phosphorylation of serine and/or threonine residues 
(Hait and DeRosa, 1988) and may mediate the effects of a. variety of 
extracellular messengers including various peptide hormones, 
growth factors, muscarinic cholinergic agents and a-adrenergic 

agents (Walsh et aI., 1984). Cellular responses believed to be 
mediated through the activation of protein kinase C include release 
of serotonin from platelets (Kaibuchi et aI., 1983), secretion of 
aldosterone from adrenal cortical cells (Kojima et aI., 1983), 
release of insulin from pancreatic beta cells (Hutton et aI., 1984), 
secretion of catecholamines from adrenal medullary cells (Merritt 
and Rubin, 1985), and other activities: 

Several homologous calcium-binding protein families in 
eukaryotic cells which have been identified are dicsussed below. 
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Troponin was the first calcium-binding protein to be identified 
and was originally isolated by Ebashi (1963) by extraction of 
myofibrils with solutions of low ionic strength. This protein 
fraction inhibits the synthesis of pure actomyosin in the absence of 
calcium (Ebashi and Ebashi, 1964). Later, it was determined that 
troponin acturally consists of three polypeptides (Greaser and 
Gergely, 1971), one of which was the calcium-binding subunit. The 
subunit is troponin C. Troponin plays a key role in the thin-filament 
regulation of both skeletal and cardiac muscle contraction (Potter 

and Johnson, 1982). 
Moore (1965) discovered S-100 protein in extracts from bovine 

brain. S-100 was a potent inhibitor of protein phosphorylation in a 
membrane fraction from rat brain and was able to enhance protamine 
but not histone phosphorylation catalyzed by a protein kinase from 
pig brain (Patel et aL, 1983). 

Vitamin O-dependent calcium-binding protein was identified 
from chick intestinal muscosa (Wasserman and Taylor, 1966). The 
appearance of this protein correlates well with the vitamin 03-
enhanced duodenal absorption of 45Ca in rachitic chicks (Wasserman 
and Taylor, 1966) and the concentration of calcium-binding protein 
in segments of the small intestine closely correlates with the 
ability of the segment to absorb calcium (Taylor and Wasserman, 
1967). 

Calsequestrin is a high-capacity, low-affinity calcil!m-binding 
protein which was fi"rst purified from skeletal muscle (Maclennan 
and Wong, 1971). Rabbit skeletal muscle calsequestrin binds 40-50 
calcium atoms per molecule. Calsequestrin is therefore the major 
site of calcium storage within the cell (Reithmeier et aL, 1987). 

Parvalbumin forms a class of closely homologous low 
molecular weight (ca. 12,000) acidic and highly soluble proteins 
mainly present in the white muscles of fish and amphibians (Pechere 
et aL, 1973). Parvaalbumin was shown to behave as a relaxing 
factor when added to myofibrils (Pechere et aL, 1977) 

y-Carboxyglutamic acid has been identified to be present in a 

unique class of calcium-binding proteins (Stenflo et aI., 1974). In 
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mammals, synthesis of proteins containing y-carboxyglutamic acid 

requires vitamin K, hence these proteins have been termed the 
vitamin K-dependent calcium-binding proteins. The importance of 
the interaction between Ca2 + and the y-carboxyg I utam ic acid-

containing proteins of blood coagulation in the stabilization of 
protein structure, macromolecular complex assembly, and the 
control of physiological events has been reviewed by Furie et a!. 

(1982). 
Oncomodulin was first identified by MacManus et a!. (1979) in 

extracts of rat liver tumors. Oncomodulin has not been detected in 
any healthy adult human or rodent tissue (MacManus and Brewer, 
1987). This calcium-binding protein has been located during 
development in extraembryonic structures but not in the fetus 
itself. The oncomodulin gene may be reactivated by the 
preneoplastic forerunners of the tumor cells to blaster their 
defences against the damaging effects of carcinogens (Farber and 
Camerson, 1980). In this case, oncomodulin may serve as a buffer or 
suppresor of the disruptive consequences of intracellular calcium 
and calcium-calmodulin surges (Demaille, 1982), which accompany 
cytotoxic carcinogen action (Criss and Kakiuchi, 1982; MacManus and 
Whitfield, 1983). 

To date, only three calcium-binding proteins have been purified 
from prokaryotic cells. They include two calcium-binding proteins in 
the Gram-positive Streptomyces erythreus (Lead lay et. aI., 1984; 
Swam et aI., 1987) and Bacillus subtilis (Fry, 1988), and protein-S 
from the Gram-negative Myxococcus xanthus (Inouye et aI., 1981; 
Wistow et a!., 1985). 

Since it is present in all eukaryotic cells evaluated, many of 
its basic properties are shared by other calcium-binding proteins, 
and it has been extensively studied, calmodulin will be used as a 
model in this review to provide details on characteristics of 
calcium-binding proteins. 

Calmodulin. 
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Discovery and function. Calmodulin was discovered 
serendipitously as an activator of cyclic 3' ,5' -nucleotide 
phosphodiesterase in the late 1960s (Cheung, 1970). Teo and Wong 
(1973) first demonstrated that calmodulin is a calcium-binding 

protein. 
Calmodulin is an acidic (pl=4.0-4.2), heat stable, monomeric, 

globular protein of molecular weight 16,700. Calmodulin shows no 
tissue or species specificity and no enzyme activity itself. In the 
majority of cases it contains 148 amino acids with a high proportion 
of acidic amino acid residues. Calmodulin lacks tryptophan and, in 
most instances, cysteine and is low in proline, histidine and 
tyrosine. However, the calmodulin from some plants such as peanut 
(Anderson et aL, 1980), mung bean (Cormier et aL, 1981). and 
spinach (Schleicher et aL, 1982) contains a cysteine residue. The 
presence of the unusual amino acid, trimethyllysine, in most 
calmodulin preparations, is a useful marker for the protein. 
However, the absence of trimethyllysine does not mean that the 
protein is not a calmodulin nor does the presence of trimethyllysine 
mean that the protein is a calmodulin (e.g., myosin heavy chain and 
cytochrome C contain trimethyllysine) (Burgess et aL, 1983). The 
high ratio of phenylalanine to tyrosine residues gives rise to an 
unusual ultraviolet absorption spectrum in that instead of a single 
maximum at 270-280 nm, several absorption peaks are ~vident at 
253, 259, 265, 268, and 276 nm, and a shoulder occurs at 282 nm. 
Among the sequences of calmodulin, a major immunoreactive site is 
contained within the amino acid residues 127-144. A unique hepta
peptide (residues 137-143) is the smallest calmodulin segment in 
calmodulin which shows quantitative immunoreactivity with anti
calmodulin serum (Burgess et aI., 1983). The immunoreactive site 
137-143 is accessible to antibody when calmodulin is part of 
supramolecular structure (in the presence of target enzymes or 
antagonists). 

The three-dimensional structure of calcium-binding sites was 
first determined by X-ray crystallographic studies of parvalbumin 
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(Kretsinger and Nockolds, 1973). Most calcium-binding proteins 
have similar structures for their calcium-binding sites. Each of the 
four calcium-binding sites of calmodulin has a distinctive helix
loop-helix conformation termed the EF hand (Kretsinger and 
Nockolds, 1973; Kretsinger, 1980). This structure is formed by two 
a-helices, the E-helix and the F-helix, connected by a peptide loop 

which chelates the calcium ion. The term "EF hand" has become 
commonly used to describe the structure of calcium-binding regions 
in calcium-binding proteins, despite the fact that not all calcium
binding regions share exactly the same features with the EF site of 
parvalbumin. The calcium-binding protein in Streptomyces 
erythreus contains four EF hand motifs (Leadlay et aI., 1984; Swam 
et aI., 1987). However, the calcium-binding protein, protein-S, from 
the Gram-negative Myxococcus xanthus has a B-sheet secondary 
structure rather than the helix-loop-helix arrangement of the 
eukaryotic proteins (Inouye et aI., 1981; Wistow et aI., 1985). 

The distribution of calmodulin is extensive and includes 
vertebrates and invertebrates, plants and higher fungi, several 
unicellular eukaryotic organisms, and yeasts. The most abundant 
sources of calmodulin appear to be nervous tissue e.g. bovine brain 
and the electric organ of Electrophorus electricus (Hartshorne, 
1985). The majority of the calmodulin in many cells appeared to be 
readily soluble (Burgess et at, 1983). 

Calmodulin is involved in regulation of many enzymes and 
cellular processes. For example, the following is a partial list of 
enzymes activities of which are regulated by calmodulin: calcium
dependent stimulation of cyclic nucleotide phosphodiesterase 
(Cheung, 1970; Kakiuchi and Yamazaki, 1970), adenylate cyclase 
(Brostrom et aI., 1975; Cheung et aI., 1975), actomyosin ATPase 
(Amphlett et aI., 1976), phosphorylase kinase (Cohen et aI., 1978), 
myosin light chain kinase (Dabrowska et aI., 1978; Yagi et aI., 1978), 
guanylate cyclase (Nago et aI., 1979), plasma membrane ATPase 
(Jarrett and Penniston, 1977; Gopinath and Vincenzi, 1977), 
phospholipase (Wong and Cheung, 1979), dynein ATPase (Blum et aI., 
1980), sarcolemmal ATPase (Carafoli et aI., 1980), NAD kinase 
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(Anderson et aI., 1980), glycogen synthase kinase (Payne and 
Soderling, 1980), and protein phosphatase (Stewart et aI., 1982; 

Yang et aI., 1982). 
In animal systems, calmodulin is involved in dividing and 

nondividing states (Veigl et aI., 1982), fertilization of sea urchin 
eggs (Epel et aL, 1981), maturation of oocytes of Xenopus (Cartaud, 
1980), and DNA synthesis and mitosis (Sasaki and Hidaka, 1982). In 
plants, the effects of calmodulin antagonists suggest a role of the 
calcium-calmodulin system in the responses to cytokinin, and 
gibberellic acid (Elliot et aL, 1983), in auxin-induced elongation 
(Raghothama et aL, 1985) in phytochrome responses (Roux et aL, 
1986), in protoplast fusion (Grimes and Boss, 1985), in volume 
regulation (Kays, 1983), and in polar growth of tips and pollen tubes 
(Hauber et aI., 1984). Calmodulin-stimulated phosphodiesterase 
activity has not been detected in invertebrates or protozoa 
(Waisman et aL, 1975; Jamieson and Vanaman, 1979). 

Involvement in morphogenesis. Recently studies strongly 
indicated that calmodulin and other calcium-binding proteins might 
be involved in cell morphogenesis and development. Inouye et al 
(1981) found a development-specific calcium-binding protein, 
protein S, from Myxococcus xanthus. Streptomyces accumulate large 
amounts of calcium during differentiation and sporulation (Salas et 
aI., 1·983) and the calcium ion has been implicated in initiation of 
germination of Streptomyces spores (Eaton and Ensign, 1980). 
Calcium-binding protein which might be involved in those function 
has been purified from Streptomyces erythreus (Lead lay et aL, 
1984; Swam et aL, 1987). 

Calmodulin may be involved in the control of yeast cell cycle 
(Davis et aI., 1986). Muthukumar et al. (1985) used a 
radioimmunoassay to determine the calmodulin content of the yeast 
and mycelial phases of Ceratocystis ulmi and found that calmodulin 
levels increased at the G1-S boundary of the cell cycle. This 
coincides with the first visible appearance of buds or germ tubes. 
Differentiation of vegetative tips of water molds of the 
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fa m i Iy Saprolegniaceae into asexual sporangia is induced by 
starvation in the presence of calcium (Griffin, 1966). 8uryanarayana 
and Thomas (1986) indicated that the localized cell wall lysis 

associated with asexual spore release from sporangia and spore 
cysts of saprolegniaceous water molds appears, based on 
immunocytochemical and inhibitor studies, to be dependent on 
calmodulin. Elliott (1986) found sporangium and oospore production 
in Phytophthora palmivora and P. cactorum was inhibited by 
trifluoperazine (TFP) and suggested development of both sexual and 
asexual reproductive structure involves a calcium/calmodulin 
interaction. Roy and Datta (1987) found calmodulin-dependent 
protein phosphorylation may be important for yeast-to-germ-tube 
morphogenesis of Candida albicans. Brawley and Roberts (1989) 
reported calcium- and calmodulin-binding proteins are 
developmentally regulated in gametes and embryos of Fucoid algae. 

The calcium-calmodulin system is activated early in 
germination of radish (Raphanus sativus L.) seeds by an increase in 

calmodulin and a decrease in inhibitor (a calmodulin-binding protein) 
levels (Cocucci and Negrini, 1988). Also, in mammary glands, the 

calcium-binding proteins (calelectrins and calpactin I) are 
developmentally regulated during secretory differentiation (Lozano 
et aI., 1989). Analysis of differentiated rat C6 glioma cells 

demonstrated that 8-100B distribution and 8-100B-binding protein 

profile change significantly upon differentiation (Zimmer and Van 
Eldik, 1989). 

Mechanisms. Activation of calmodulin occurs through binding 
of calcium to its four calcium-binding domains when the 
intracellular calcium reaches a concentration consistent with the 
affinity of calmodulin for this cation. It is well known from 
spectroscopic measurements that the binding of Ca2+ to calmodulin 
causes a conformational change, with a concomitant 5-10% increase 
in a-helical structure (Klee et aI., 1980), and exposes a hydrophobic 

region. The hydrophobic region can interact with either target 
enzymes (detailed above), the calmodulin binding protein, as occurs 
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in the flip-flop mechanism (detailed below) or calmodulin 
antagonists. Adenylate cyclase is a bacterial toxin which elevates 
cyclic AMP levels in animal cells which are stimulated by eukaryotic 
calmodulin (Wolff et aL, 1980; Masure et aL, 1987; Goyard et aI., 
1989). Adenylate cyclase is stimulated by calmodulin in both the 
presence and the absence of Ca2+ (Greenlee et aI., 1982; Kilhoffer et 

aL, 1983). 
Wang and Desai (1976) originally reported the existence in 

bovine brain of a heat-labile inhibitor protein of cyclic nucleotide 
phosphodiesterase. This inhibitor later was identified as a 
calmodulin-binding protein (Wang and Desai, 1977). Calmodulin
binding proteins can be divided into several categories according to 
their physiological function in the cell. Categories include proteins 
involved in (i) the cytoskeletal and contractile elements of the cell, 
(ii) intermediate metabolism, (iii) regulation of calcium levels. and 
(iv) regulation of the cyclic AMP second messenger system (Wang et 
aL, 1983). Ca2+ may act as a flip-flop switch depending upon its 
concentration in the presence of calmodulin-binding proteins. A 
tubulin-related calmodulin-binding protein (tau factor) in the 
microtubule assembly-disassembly system is one example of the 
flip-flop mechanism (Kakiuchi et aL, 1982). Tau is both necessary 
and sufficient for nucleation and elongation of microtubules from 
tubulins. Tau factor binding to calmodulin in the presence of 
calcium and the tubulin, freed of tau factor, can no longer. assemble 
into microtubules under standard polymerization conditions. When 
the calcium concentration decreases, tau factor is released from 
calmodulin and assembly of the tubulin dimer into the microtubules 
is restored. 

Properties exploited for purification. Most calcium-
binding proteins including calmodulin, troponin C, S-100, and 
calcimedins (Marshak et aI., 1981; Walsh et aI., 1984) undergo a 
substantial conformational change up· on binding calcium, including 
exposure of a hydrophobic site(s). This property has been exploited 
in the purification of calmodulin as well as newly identified 
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calcium-binding proteins by using calcium-dependent hydrophobic 
interaction chromatography (Gopalakrishna and Anderson, 1982; 
Walsh et aI., 1984). 

In addition to antagonists, many small peptide toxins, 
including meliUin and the mastoparans, bind with nanomolar 
affinity to one site on calmodulin in a calcium-dependent manner 
similar to the target proteins of calmodulin. Thus immobilized 
inhibitors of calmodulin also have been used successfully in the 
purification of calmodulin. Affinity purification schemes using 2-
chloro-10H(3'-aminopropyl) phenothiane HCI (CAPP), phenothiazine 
(Jamieson and Vanaman, 1979), N-(6-aminohexyl)-5-chloro-1-
naphthalene sulfonamide (W-7) (Endo et aI., 1981) and melittin 
(Kincaid, 1987) coupled to CNBr-activated Sepharose 48 have been 
reported. Also, these compounds are effective inhibitors of 
calmodulin and have been used in model systems to study 
calmodulin-protein interactions. 

Antagonists. A growing volume of evidence indicates that 
many diverse classes of drugs can modify the activity of calmodulin. 
The subsequent demonstration that these drugs were bound 
selectively to calmodulin in a calcium-dependent manner (Levin and 
Weiss, 1977) has lead to the widespread use of these compounds as 
a tool for determining whether calmodulin is involved in cellular 
processes. Among these compounds, phenothiazines and 
naphthalenesulfonamides have been most frequently used and well 
studied as calmodulin antagonists. Phenothiazine was first used by 
Weiss et al. (1974) as a blocker of calmodulin activation of 
phosphodiesterase. The naphthalenesulfonamides represent a class 
of drugs known as W-compounds which have been synthesized and 
evaluated by Hidaka et aI., (1979a, b). In this study, trifluoperazine 
(TFP) and W-7 were used. Their structures are as follows: 

CI 

~ 
~ 

Trifluoperazine \\'·7 
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Studies (Prozialeck and Weiss, 1982, Weiss et al 1982) 
indicate two types of binding forces are involved in the drug and 
calmodulin interaction. One is a hydrophobic interaction between a 
nonpolar portion of the drug and nonpolar groups on calmodulin, and 
the other is an electrostatic interaction between the positively 
charged amino group on the drug and negatively charged residues on 
calmodulin. Norman et al. (1979) found a linear relationship 
between the logarithm of the potency of antagonism of calmodulin 
activation of phosphodiesterase and logarithmic octanol-water 
partition coefficient (log P; i.e., hydrophobicity) among a diverse 
series of drugs. Hydrophobicity (log P) of W-7 and TFP, measured by 
the method of Leo et al (1971), were 0.95 (Hidaka and Tanaka, 1982) 
and 2.28 to 5.03 (Hansch and Leo, 1979), respectively. Binding 
between TFP and calmodulin increased markedly above pH 4.0, 
reached a maximum at pH 5.0, and remained constant up to pH 8.0 
(Weiss et aI., 1982). The effect of increasing pH may be attributable 
to an alteration in the binding sites of calmodulin, as suggested by 
Levin and Weiss (1977), or, alternatively, to a change in the 
ionization state of TFP. Since the isoelectric point of calmodulin is 
about 4 and the pKa of TFP is 8.1 (Green, 1967), these results 
suggest that there is an electrostatic interaction between the 
negatively charged calmodulin and the positively charged TFP (Weiss 
et aI., 1982). 

The binding of TFP to calmodulin is reversible; !t can be 
reversed by chelation of Ca2+ by EGTA, and reestablished on addition 
of Ca2+ (Weiss and Levin, 1978). However, it has been found that uv 
irradiation of either 3H-labeled chlorpromazine or 3H-labeled TFP 
plus calmodulin causes irreversible inactivation of calmodulin 
(Prozialeck et aI., 1981). TFP as well as W-7 inhibited the 
calmodulin-dependent activation of both phosphodiesterase and 
myosin light-chain kinase in a competitive manner (Zimmer and 
Hofmann, 1987). However, the inhibition of calmodulin-dependent 
adenylate cyclase activity by W-7 was not competitive (Ahlijanian 
and Cooper, 1987). 
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Despite the very high degree of selectivity with which these 
antagonists inhibit the calmodulin-dependent processes, these 
compounds can also interact with other calcium-binding proteins, 
such as troponin C (Levin and Weiss, 1978, Marshak, et al 1981). In 
addition, the membrane-perturbing efficiency of these agents are 
apparent low (Vincenzi, 1981). These factors have compromised the 
utility of the antagonists in intact system. 
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Background information about methodology used in this 

research 

Hydrophobicity 

In general proteins which are related to each other have 
similar hydrophobicity (Bigelow, 1967). Hydrophobicity of proteins 
can be indicated by several calculated parameters. The four most 
common are p, H <I> ave, R3, and Z values. Fisher's (1964) polarity 

ratio, p, is a useful parameter only for typical globular proteins. 
The average hydrophobicity, H <l>ave, based on free energies of 

transfer of amino acid side chains from an organic environment to an 
aqueous environment (6G°), was proposed by Bigelow (1967). An 
estimate of this average hydrophobicity (H <l>ave) can be obtained 

from the following expression (Bigelow,1967). 

(H <l>ave) =~n 6Go of each residue/total number of residues 

The H <l>ave values for 150 proteins and peptides which were 

examined ranged from .44 to 2.02 kcal per residue (Cantor and 
Schimmel, 1980). The hydrophobicities of most fibrous proteins are 
relatively low (e.g., 0.44-0.6 kcal per residue of fibroins (Bigelow, 
1967)) and most membrane proteins are relatively high (e.g. 1.29 
kcal per residue of acetylcholine receptor from Electrophorus 
electricus (Barrantes, 1975)). However, most proteins have average 
hydrophobicity values that cluster in a narrow range around 1.00 
(Cantor and Schimmel, 1980). Therefore, this is not a particularly 
useful parameter for making fine distinctions. 

The hydrophobicity value necessarily stresses the fractional 
composition ratio of the frequencies of occurrence (X) of some of 
the nonpolar side chains. Thus, Ratio 3, another measure of 
hydrophobicity, is given by Barrantes (1975) and by Cantor and 
Schimmel (1980) is expressed as: 
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where k= Lys, Arg, His, Asx, and Glx; i= lie, Tyr, Phe, Leu, Val, Met. 
The R3 was found to vary from 0.36 to 2.03 for 13 proteins whose 
H<I> ave values only varied from 0.86 to 1.29 kcal per residue. 

Barrantes (1975) compared the R3 values of a large number of 
membrane proteins with their H <I> ave values and showed that R3 

allows a fairly clear distinction between internal and external 
membrane proteins, whereas H <I>ave does not. 

The linear combination of H <I>ave and R3 can be used to calculate 

the discriminant function, Z (Barrantes, 1975) as: 

Z= -0.345 R3 + 0.60 H <I>ave 

The average values of Z for internal and external membrane 
proteins are 0.52 ± 0.11 and 0.12 ± 0.16, respectively. The 
statistical level of significance of the discrimination between both 
types of proteins is p cc O.001 and the resulting misclassification (as 
membrane or non-membrane proteins) probability is 8.5% (Barrantes, 
1975). For non-membrane proteins, an average Z is 0.16 ± 0.17 
(Cantor and Schimmel, 1980). An example of the usefulness of the Z 
value is in suggesting features of the organization of a structure 
composed of several subunits where individual subunits are likely to 
be located internally or externally. 

Amino acid analysis. 

Analysis of the amino acid compositions provides information 
for comparison of proteins. Appendix 1 is a list of amino acid 
compositions of calmodulin from various sources and of the 
calcium-binding proteins. Amino acid analysis was pioneered by 
Moore et al. (1958) where amino add mixtures were separated by 
ion-exchange column chromatography and detected by reaction with 
ninhydrin. This method has since been modified by pre-column 
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formation of derivatives of amino acids followed by separation with 
HPLC in order to analyse amino acids at the picomole level (Chang et 
aI., 1981). Dansyl (Dns), phenylthiohydantion (PTH), 0-

phthalaldehyde (OPA), dimethylaminoazobenzene-sulphonyl chloride 
(DABS-CI), and phenylthiocarbamyl (PTC) derivatives of amino acids 
are examples of pre-column derivatization methods. These 
procedures will not identify all amino acids. For example, the 
method of Bidlingmeyer et a!. (1984) will not report tryptophan, 
glutamin, and asparagine. Tryptophan is destroyed during the 
hydrolysis process. Glutamine and asparagine contents are reported 
as combined glutamate (glx) and aspartate (asx), respectively. 

All of the currently accepted methods of determining each 
amino acid number measure the ratio of moles of amino acid residue 
per mole of protein. This value is rarely close to an integer, due to 
inherent experimental errors. A method which relies on the charge 
differences introduced by specific chemical modification of amino 
acid was developed by Creighton (1980) to count integral numbers of 
amino acid residues per polypeptide chain. 

Electrotransfer of proteins from polyacrylamide gel 
to membranes. 

Selection of a transfer membrane from several different 
materials is usually important in successfully conducting a transfer. 

Nitrocellulose membranes, made from cellulose nitate, a nitric 
acid ester of cellulose, are reported to have a protein binding 
capacities ranging from 80 (Gershoni and Palade, 1982) to 250 
J..lg/cm 2 (Millipore Technical Bulletin No. PB 865, 1986) and are 
compatible with most protein staining dyes, including coomassie 
blue, amino black, india ink, and ponceau S. 

The efficiency of protein elution is dependent on the solvent 
choice, molecular weight, membrane type, temperature and length of 
incubation employed. Generally, elution of proteins from 
nitrocellulose by incubation at 450 C for 3 h in pyridine or 
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acetonitrile solutions yielded protein recoveries ranging from 70-95 
0/0 as the protein molecular weight varied from 94,000-20,000 

(Montelaro, 1987). 
Nylon membranes are a polyhexamethylene adipamine matrix 

which offer high mechanical strength and have a protein binding 
capacity of up to 480 Jlg/cm2 (Gershoni and Palade, 1982). However, 
they tenaciously bind common anionic dyes such as coomassie blue 
and amino black and therefore interfere in these staining procedures. 
Although the biotin-blot protein detection method, which is based on 
the high affinity of avidin for biotinylated protein, can be used with 
these membranes, this method is time consuming and expensive. 

Immobilon® polyvinylidene difluoride (PVDF) membranes have 
a protein binding capacity of 172 Jlg/cm2 (Pluskal et aI., 1986) and 
good mechanical strength. When using Immobilon membranes, 
methanol may not be required during electrotransfer. This membrane 
is compatible with most staining dyes. 

Glass fiber sheets coated with the polyquaternary amine 
polybrene have a protein binding capacity of only 20 Jlg/cm 2 

(Vandekerchove, 1985) but can be analysed for amino acid 
composition or sequence without degradation of the membrane 
(Aebersold, 1986). Because of the positively charged surface, this 
membrane can be stained by the fluorescent dye, 3, 3'
dipentyloxacarbocyanine iodide, but not commonly used anionic dyes. 

Van Eldik and Watterson (1979) inconsistently detected 
calcium-modulated proteins after transfer to either nitroce"ulose 
or nylon membranes. They suggested these proteins may have been 
retained poorly on the membranes and suggested glutaraldehyde
treated membranes may improve the protein retention. 

Parekh et al. (1985) noted that staining of protein bands with 
coomassie brilliant blue or amino black prior to elution from 
nitroce"ulose prevented their subsequent desorption from the 
membrane by pyridine or acetonitrile. It is not certain whether this 
problem is the result of protein modification (dye binding) or 
alterations in membrane structure by the staining and destaining 
solutions. 
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Stability of calcium-binding proteins 

Proteolysis is one alteration of calmodulin which can occur 
during purification or upon storage. Proteases potentially can co
purify with their protein substrate (calmodulin, in this case) and be 
present in trace amounts regardless of the purification protocol 
used (Burgess et aI., 1983). Upon exposure of electrophoretically 
homogeneous calmodulin preparation to various heat and alkali 
treatments, some slowly migrating bands can be seen in the 
electrophoregrams of aged samples when electrophoresis is done 
under conditions where the calcium concentration is not carefully 
controlled (Van Eldik and Watterson, 1979. Burgess et aI., 1983). 
Instability of purified mammalian duodenal calcium-binding protein 
(Terence et aI., 1983) and porcine intestinal calcium-binding protein 
(Randolph et aI., 1988) in the absence of calcium during storage has 
been reported. 
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ABSTRACT 

Bacillus cereus T spores were extensively washed, broken, and 
heated at 900 C for 2 min. Using calcium-dependent hydrophobic 
interaction chromatography, a single peak protein fraction was 
obtained which possessed calcium-binding capacity and some 
characteristics of calmodulin. This heat-stable protein fraction 
was retained by hydrophobic matrices (Phenyl-Sepharose) or a 
calmodulin antagonist (naphthalenesulfonamide) in a calcium
dependent manner. Calcium binding ability was verified by 45C a 
autoradiography and a competitive calcium binding assay using 
Chelex-100. The crude spore extract displaced bovine brain 
calmodulin from its antibody in a radioimmunoassay and the 
immunoreactive specific activity of the partially purified fraction 
was ca. 200-fold greater than the crude spore extract. Thus, B. 
cereus T spores have a calcium-binding protein with calmodulin-like 
properties. 

26 



INTRODUCTION 

Accumulation of calcium during sporulation in Bacillus is 
required for formation of bacterial spores which have normal, high, 
heat resistance (Bender and Marquis, 1965; Greene and Slepecky, 
1972; Murrell and Warth, 1965). Additionally, CaCI2 can activate B . 

cereus T spores (Douthit and Preston, 1985; Kamat et aL, 1985; 
Nakatani et aL, 1985) and calcium can cause germination if the 
spore coat is removed or weakened. Calcium-binding proteins 
frequently are involved in calcium regulation but have not been 
reported in bacterial spores. Among calcium-binding proteins, the 
calmodulin family is the most prominent group. Calmodulin and 
related proteins regulate a number of cellular functions and have 
been identified in all eukaryotic cells investigated. Recent reports 
indicate that calmodulin or calmodulin-like proteins also are 
present in some prokaryotic vegetative cells, including Escherichia 
coli (Iwasa et aI., 1981; Harmon et aL, 1985), Streptomyces 
erythreus (Leadlay et aL, 1984), Bacillus subtilis (Fry et aL, 1986), 
and mycobacteria (Falah et aL, 1988) and in retrovirus (Lewis et aL, 
1986). This study is the first report of calcium-binding protein 
with calmodulin-like properties in bacterial endospores. 
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MATERIALS AND METHODS 

Sample preparation. Bacillus cereus T spores were 
sporulated at 300 C on fortified nutrient agar and harvested by 
extensive water washing (Johnson et aI., 1982). The clean spores 
were suspended in 50 mM Tris-HCI, pH 7.5, extraction buffer 
containing 75 mM NaCl, 1 mM EDTA, 1 mM phenylmethylsulfonyl 
fluoride, 1 % isopropanol, 1 mM benzamidine, 7.5 Jlg/ml pepstatin A, 
and several drops of antifoam, mixed with two volumes of 250-300 
Jlm diameter glass beads, and broken in a cell homogenizer (Braun, 
MSK) while cooling with liquid C02. Breaking required 

approximately 5 pulses of 1 min each. The breaking efficiency was 
checked microscopically and by colony counts. The crude slurry was 
heated at 900 C, 2 min to denature most spore macromolecules and 
clarified by centrifugation at 15,000 X g at 40 C for 1 hr. 

Affinity chromatography. The supernatant was dialyzed at 
40 C overnight against application buffer (50 mM Tris-HCI, pH 7.5, 
500 mM NaCl, 5 mM CaCI2, 1 mM phenylmethylsulfonyl fluoride, 1 0/0 

isopropanol, 1 mM benzamidine, 7.5 Jlg/ml pepstatin A). The 
dialyzed extract was applied to a 0.9 x 30-cm column which was 
packed with Phenyl Sepharose pre-equilibrated with application 
buffer. After the sample was loaded, the column was washed until 
the A280 reached the lowest stable background, then washed to the 

stable background again with the same buffer without salts. This 
step was intended to elute non-calcium binding proteins. The target 
protein eluted in a single peak as measured by A280 in about the 

first 1.5-bed volume when washed by the second wash buffer 
containing 7.5 mM EGTA. Aliquots of the peak fractions were 
concentrated and extensively washed (dialyzed) with 40 mM Tris
HCI, pH 7.4, by centrifugal concentration tubes (Centricon or 
Centriprep, M.W. cutoff 10,000, Amicon, Denves, MA). 

45Ca autoradiography. Calcium-binding ability was 
determined based on the methods of Marruyama et aI., (1984). 
Affinity-purified protein samples were applied to Zeta-probe nylon 
paper (Bio-Rad), washed with 10 mM imidazole-HCI, pH 6.6, 
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containing 60 mM KCI and 5 mM MgCI2 and incubated at room 
temperature for 10 min in the same buffer containing 2.5 JlM 45CaCI2 

(New England Nuclear, Boston, MA). Membranes were washed for 5 
min in 50 % ethanol, air-dried 3 hrs, and exposed to X-ray film (X
Omat AR, Eastman Kodak Co. Rochester, NY) for 24 hrs. 

Chelex competitive assay. Calcium-binding ability was 

also verified by the Chelex-100 resin competetive assay (Tokuda et 

aI., 1987). A slurry of chelex-100 resin (100-200 mesh, Bio-Rad) 

was washed extensively with 1 M HCI, pH 7.4, and 40 mM Tris-HCI, 

pH 7.4, then resuspended in the same buffer at a resin-to-buffer 

ratio of 1/10. While rapidly stirring, 25 JlI of resin was pipetted 
into a final reaction mixture volume of 1 ml which contained 1.0 X 
106 cpm 45CaCI2 and variable concentrations of test substance. 

After 30 min of strong agitation at room temperature, the mixture 
was centrifuged at 3,500 X g for 5 min. A 0.1 ml aliquot of 

supernatant fluid from each reaction mixture was added to 5 ml of 

Scinti Verse II (Fisher, Raleigh, NC) and subjected to liquid 
scintillation spectrometry (Beckman LS 3801). 

Calmodulin assay. Radioimmunoassays were performed 
using the [1 251]calmodulin RIA kit from New England Nuclear 

according to the manufacturer's directions. Preheated anti-bovine 
calmodulin was used as the standard. 

Protein determ ination. Protein concentrations were 
determined using the BCA (Bicinchoninic acid) kit from Pierce Co 
(Rockford, IL), which is a modification of the Bradford protein assay. 
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RESULTS 

A crude, cell-free extract from Bacillus cereus T spores 
contained a non-dialyzable component which bound calcium. This 
was verified by 45Ca autoradiography (Fig. 1) and a competitive 
calcium binding assay using Chelex-100 (Table 1). Since the 
samples were dialysed extensively (M.W. cutoff 10,000), this 
calcium binding capacity can not be a false signal caused by small 
molecules such as dipicolinic acid (DPA) and DPA did not provide a 
signal when applied directly to the membrane for autoradiography 
(Fig. 1, #1). Autoradiography was performed in excess MgCI2 to rule 

out the possibility of non-specific cation binding. After exposure to 
X-ray film, the sample areas of the nylon paper were cut apart and 
counted by liquid scintillation counting. A linear relationship 
between the volume of sample applied and cpm was obtained (Table 
1). Attempts to demonstrate Ca-binding of the proteins transfered 
from SDS-polyacrylamide gel electropherograms to nitrocellulose, 
nylon or PVDF membranes for 45 Ca autoradiography were 
unsuccessful. Denaturation, or poor transfer retention of this 
protein might be the reasons of failure. 

This crude extract can displace bovine brain calmodulin from 
its antibody in a radioimmunoassay (Table 1) and thus was 
immunologically similar to bovine brain calmodulin. Since the 
protein concentration of the crude extract was reduced ten fold 
after heat treatment (900 C, 2 min), both the Chelex-100 competitive 
assay and radioimmunoassay (Table 1) indicated this calcium binding 
protein must be heat stable. Modifications of the routine methods 
used to purify eukaryotic calmodulin were used to obtain a single 
peak fraction from the heat-stable protein mixture which bound, in a 
calcium dependent manner, to phenyl Sepharose, a hydrophobic 
chromatography resin. The protein concentrations of crude extract, 
heat-treated extract and the partially purified fraction were ca. 10, 
1, and less than 0.01 mg/ml, respectively. The immunoreactive 
specific activity increased at least 200-fold after this purification. 
Essentially similar elution profiles, calcium-binding and RIA data 
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were obtained using N-(6-aminohexyl)-5-chloro-1-
naphthalenesulfonamide &garose (W-7 agarose, Sigma Co, St. Louis. 
MO). metittin Sepharose (prepared by the methods of Kincaid (1987», 
phenothiazine affi-gel (Bio-Rad, Richmond, CAl, as affinity 
chromatography matrices (data not shown). The RIA responses were 
limilar for the crude extract of B. cereus T vegetative cells, 
germinated spores, dormant spores and for B. subtilis dormant 
sporel (data not shown). 
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DISCUSSION 

Bacillus sp. incorporate calcium into the mother cell and 
subsquently into the spores during sporulation and releases calcium 
during germination. The mechanisms of calcium regulation and 
accumulation have yet to be well established. A Ca2+/H+ antiporter 
was first discovered in E. coli (Rosen and MaClees, 1974) and 
recently this antiporter protein has been purified from B. subtilis 
(Matsushita et aL, 1986). Although the spore and isolated coat 
fraction of Bacillus megaterium adsorbed Ca+ + after acid 
demineralization, this adsorption was much reduced when other 
cations such as Sr++ and Ba++ were present (Rode and Foster, 
1966b). Dipicolinic acid is the only spore component with 
documented calcium binding properties. 

This study first indicates the presence of a calcium-binding 
protein which possesses some calmodulin-like characteristics in 
bacterial spores. Similarities to calmodulin included 1) heat 
stability 2) calcium-dependent binding to hydrophobic interaction 
chromatography resins and 3) calcium-dependent binding to affinity 
columns prepared using calmodulin antagonists and 4) reaction in a 
radioimmunoassay dependent upon antibody to bovine brain 
calmodulin. 

Stimulation of calmodulin-regulated enzymes by this protein 
has not been determined. Phosphodiesterase activator activity has 
been claimed to be present in the calmodulin-like proteins of B. 
subtilis vegetative cells (Fry et aL, 1986) and mycobacteria (Falah 
et aL, 1988) but not in E. coli (Harmon et aI., 1985) or S. erythreus 
(Leadlay et aI., 1984). 

The relative concentration of calmodulin-like protein in the 
spores was estimated by radioimmunoassay for reference only. Since 
the similarity of this calcium binding protein to calmodulin is not 
known, this approach is not ideal and may grossly underestimate the 
protein of interest. In animal tissue, 220.3 mg purified 
calmodulin/kg intact bovine brain (Caldwell and Haug, 1981) and 126 
mg purified calmodulin/kg frozen rat testes (Means, 1981) have been 
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obtained. The amounts of calmodulin purified from plant tissues are 
much lower (up to 440-fold less) than those from animal sources. 
For example, only 0.5 mg calmodulin/kg soybean leaves was purified 
(Anderson, 1983). None of the papers (Falah et aI., 1988; Fry et aL, 
1986; Harmon et aL, 1985; Iwasa et aL, 1981; Leadlay et aL, 1984) 
which reported the observation of calmodulin-like activity in 
bacteria offered purification data. Estimated concentrations of 
partially purified calmodulin-like protein in B. cereus spores are 
orders of magnitude lower than those reported for eukaryotic 
organisms. As indicated, this undoubtedly is an underestimate due 
to evolutionary antigenic differences. Furthermore, the methods 
for isolation and purification of eukaryotic calmodulin may be far 
from optimal for purification of this calcium-binding, calmodulin
like protein from bacterial spores. Optimizing purification was not 
an objective of this research. 

It has been assumed that the majority of the spore calcium is 
chelated with dipicolinic acid. Observations indicate that calcium 
is involved in a variety of spore functions and properties, yet 
molecular information on the involvement and regulation of calcium 
in sporulation, activation, and germination is not available. 
Although the role of this calmodulin-like calcium-binding protein in 
bacterial spores is not clear now, knowledge of its presence 
provides the opportunity to investigate the involvement of this 
protein and clarify the role of calcium in these processes. To this 
end, inhibition of spore germination by calmodulin antagonists will 
be reported in a separate manuscript. 

ACKNOWLEDGEMENTS 

This project was funded in part by North Carolina Agriculture 
Research Service and the National Dairy Board. 

33 



Figure 1, 45Ca autoradiogram. Spot number: 
1, 50 J.lI of 0.1 mM dipicolinic acid. 
2-4, Eluted peak from phenyl Sepharose chromatography. 

Sample volumes 125, 75, and 50 J.lI, respectively. 
5, Bovine serum albumin, 50 Jlg. 
6-8, Bovine brain calmodulin, 22, 15.4 and 8.8 Jlg, 

respectively. 
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Table 1. Calcium binding properties and calmodulin radioimmunoassay responses of Bacillus cereus T spore extract. 

Chelex-100 

45Ca Autoradiographya competitive assaya Radioimmunoassay 

Preparation calmodulin 

(Approx. protein mg/ml) volume (ul) com volume (ull com volume (ull BIB a %b represented (ng/mll 

Crude extract from 
dam ant spores (10) 

Heat treated eXlract 
from dormant spores (1 ) 

Peak fraction from 
phenyl-Sepharose column 

after concentration (0.01) 

50 15,548 
75 24,280 

125 43,366 

10 11,092 
70 24,531 

10 3,522 
70 22,757 

5 
35 

524 
4,790 

100 

100 

10 
100 

a: The data are averages of duplicates after the background was subtracted. 

69 

75 

100 
78 

1.32 

0.99 

o 
0.92 

Total anti-calmodulin 

activitv (ng) 

2185 

1420 

3.9 

b· Normalized percent bound (normalized by dividing the average net CPM by the average net CPM of the 0 calmodulin standard). 
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ABSTRACT 

The effects of two calmodulin antagonists, 
trifluoperazine (TFP) and N-(6-aminohexyl)-5-chloro-1-naphthalene 
sulfonamide (W-7) on L-alanine-induced germination of Bacillus 
cereus T spores were examined by measuring commitment to 
germination, release of calcium, decrease in optical density at 660 
nm and phase-contrast microscopy. The kinetics of optical density 
decrease suggest competitive inhibition of TFP or W-7 with D
alanine (L-alanine analogue and germination inhibitor) as determined 
by Schild plots. Germination inhibition was pH dependent. The Is 0 

values for maximum decreasing rate of optical density in 10 mM L
alanine plus 5 mM adenosine at pH 6.4 were 0.21 and 0.74 mM for TFP 
and W-7, respectively. The calmodulin antagonists are effective at 
a step in germination after commitment, release of calcium and loss 
of heat resistance. The data suggests that a calmodulin-like 
calcium-binding protein might be present as a modulator to regulate 
an undefined process which occurs after calcium release. This 
process is necessary in the germination of B. cereus T spores to 
convert phase bright spores to phase dark spores and to cause a 
decrease in optical density. 
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INTRODUCTION 

Upon exposure of bacterial spores to suitable environments, 
dormant spores are transformed, via sequential biochemical and 
physical steps, into vegetative cells within a very short time. The 
mechanisms of the trigger (signal which initiates germination), 
commitment (first irreversible step, possibly the trigger reaction 
itself), and connecting (events after commitment which lead to a 
fully germinated spore) reactions in the spore germination process 
are still unknown. Theories on the nature of the trigger reaction can 
be divided between those suggesting that the trigger reaction is 
metabolic in nature and those suggesting that a conformational 
change at some unidentified site of the spores is involved, such as 
an allosteric change in a surface or membrane protein (Smoot and 
Pierson, 1982). Inhibitors have been used to probe the germination 
pathway (80schwitz et aI., 1983; Foster and Johnstone, 1986; Smoot 
and Pierson, 1981, 1982). However, most were broad-spectrum 
metabolic inhibitors. 

Large amounts of calcium are accumulated in bacterial spores 
during sporulation. Calcium plays a role in germination. For 
example, Bacillus cereus spores and B. megaterium spores with low 
contents of Ca2 + were unable to germinate in L-alanine and inosine 
unless Ca2+ was in the medium or a strong electrolyte was present 
(Rode and Foster, 1966a, b; Rowley and Levinson, 1967; Sacks, 
1972). More than 90% of the calcium which accumulates during 
sporulation is released during germination (Rode and Foster, 1966b). 
CaCI2 can activate B. cereus T spores (Douthit and Preston, 1985; 

Kamat et aI., 1985; Nakatani et aI., 1985) and calcium can cause 
germination if the spore coat is removed or weakened. Studies 
involving stepwise extraction of Ca2 + from labelled spores (Kamat 
et aI., 1985) indicated that part of the spore calcium may be 
involved in L-alanine-induced germination. 

Calcium-binding proteins frequently are involved in calcium 
regulation but have not been studied in bacterial spores. Among 
calcium-binding proteins, the calmodulin family is the most 
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prominent group. Calmodulin and related proteins regulate a number 
of cellular functions and have been identified in all eukaryotic cells 
investigated. Recent evidence indicates that calmodulin or 
calmodulin-like proteins also are present in some prokaryotic 
organisms, including Escherichia coli (Harmon et aL, 1985; Iwasa et 
aL, 1981), Streptomyces erythreus (Leadlay et aL, 1984; Swan et 
aL, 1987), Bacillus subtilis vegetative cells (Fry et aL, 1986), B. 
cereus spores (Shyu and Foegeding, 1989), mycobacteria (Falah et 
aI., 1988) and retrovirus (Lewis et aI., 1986). 

This study was designed to investigate the effect of two 
common calmodulin antagonists, trifluoperazine (TFP) and N-(6-
aminohexyl)-5-chloro-1-naphthalene-sulfonamide (W-7) on the 
germination response induced by L-alanine in B. cereus T spores in 
order to probe the possible involvement of calmodulin-like proteins 
in germination. 
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MATERIALS AND METHODS 

Spore preparation. B. cereus T, from the North Carolina 
State University culture collection, was sporulated at 300 C on 
fortified nutrient agar, harvested, and washed with deionized water 
as detailed by Johnson et al. (1982). Clean spores were stored in 

distilled water at 40 C . 
Germination conditions. Unless otherwise stated, spores 

were germinated in citrate-phosphate buffer, pH 6.4, which 
contained 10 mM L-alanine and 5 mM adenosine. Adenosine was used 
to enhance L-alanine-induced germination (Kutima and Foegeding, 
1987). Variable pH values were made from 0.1 M citric acid and 0.2 M 
sodium phosphate. One-tenth molar Tris-HCI and 0.1 M MOPS (3-[N
morpholino]-propanesulfonic acid) buffers were used for 
concentrations ~0.5 mM trifluoperazine (TFP) (Sigma Co., St. Louis, 
MO) and concentrations ~0.5 mM N-(6-aminohexyl)-5-chloro-1-
naphthalene-sulfonamide (W-7) (Sigma Co., St. Louis, MO), 
respectively, to avoid precipitation. Germination of spores in each 
of these buffer systems was essentially the same (data not shown). 
Each component was dissolved in the appropriate buffer and filter 
sterilized before mixing. Final pH values were checked after 
solutions were mixed and held at 350 C for 30 min. 

Germination measurement. Spores were heat activated in 
deionized water at 700 C for 15 min immediately before germination 
at 350 C. Germinants, buffer, and inhibitors (when appropriate) 
were mixed in microcuvettes and tempered at 350 C for 10 min prior 
to addition of spores (ca. 108/ml). Measurements commenced within 
5 s of spore addition. 

(i) Calcium release. To measure calcium release, aliquots 
of spore suspension were filtered through 0.22 J.1m filters (CAMEO 
liS, Micron Separation Inc. Westboro, MA) at selected time intervals 
and the calcium in the filtrate was measured by atomic absorption 
spectrophotometry (Perki n- Elmer 2380. Eden Prai rie, M N). 
Lanthanum nitrate (0.10/0) and potassium chloride (0.10/0) were added 
to each sample to overcome suppression of calcium absorption. 
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Results are reported as the percent calcium released at each time. 
The total calcium content (ca. 90 nmol/108 spores) of each spore 
preparation was determined using spores burst by autoclaving. 

(ii) Optical density decrease. Decrease in optical density 
at 660 nm was measured continuously by a recording 
spectrophotometer using a water-jacketed cell holder to maintain 
35 0 C (Shimadzu UV 260, Shimadzu Corporation, Kyoto, Japan). 
Maximum germination rates (percentage per minute) were 
determined by identifying the time of maximal rate from first 
derivative plots and by calculating the maximal rate during the 2-

min interval bracketing this time (ie: (ODt-1 min-ODt+1 min)/2·0D tO min X 
100% = maximal rate). Without inhibitors, the maximum decrease in 
absorbance was 20-21%/min and the decrease of the original 
absorbance at 660 nm was 53-57%. 

(iii) Measurement of connecting reactions. At selected 
times during germination, 50 JlI of spore suspension was 
periodically pipetted into 450 JlI of 180 mM D-alanine, with or 
without either 0.25 mM TFP or 0.5 mM W-7. The suspensions were 
mixed and incubated at 350 C. After 1 hr at 350 C, duplicate samples 
were applied to clean cover slips and dried at ca. 500 C. Dried 
samples were rehydrated with 1 % methylene blue and examined by 
phase-contrast microscopy (Olympus, BH-2, Olympus Optical Co., 
Ltd., Tokyo, Japan) at 1000X (2). Spores which did not germinate 
remained refractile and did not stain. 
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RESULTS AND DISCUSSION 

Trifluoperazine and N-(6-aminohexyl)-S-chloro-1-naphthalene 
sulfonamide inhibited B. cereus T spore germination induced by L
alanine and adenosine as determined by a decrease in optical 
density (Fig. 1). These inhibitors reduced both the rate and the 
extent of the decrease in optical density. At pH 6.4 in 10 mM L
alanine and S mM adenosine, 210 J.1M TFP and 740 J.1M W-7 caused SO% 
reduction in the maximum rate of optical density decrease (Fig. 1, 
left insert). These 150 values were larger than the documented data 
in in vitro eukaryotic enzyme assay systems (150 usually below 100 
J.1M). However, several factors obscure the meaning of the Iso values. 
The complex spore system may physically inhibit diffusion or cause 
non-specific chemical binding, thereby reducing the effective 
concentration of the inhibitor at the active site. Also, the Iso values 
reported here were derived from optical density germination curves. 
Optical density decrease is a complex phenomenon, only one or two 
components of which may be targets for these inhibitors. 
Germination rates based on the kinetics of optical density changes 
are not necessarily proportional to simple enzymic reaction rates 
(Stewaet et aI., 1981). Thus these values are useful for reference 
purposes only and should not be used to infer the sensitivity of a 
specific calmodulin-dependent spore system. 

In the absence of TFP or W-7, the germination rate of B. cereus 
T spores increased as the concentration of L-alanine increased. In 
the presence of TFP and W-7 (Fig. 1, right insert), the inhibition 
effects were greatly increased when the concentration of L-alanine 
was decreased. Plotting the reciprocal of germination rate in the 
absence . and presence of different concentrations of inhibitors 
against the reciprocal of L-alanine concentration, straight lines 
with different slopes but a common intercept on the abscissa were 
obtained. Lineweaver-Burk plots of this nature indicate competitive 
inhibition. However, mixed-type inhibition was observed when 
higher concentrations (more than O.S mM) of TFP and W-7 were used 
(data not shown). These findings are similar to the inhibition by 
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sorbate of B. cereus and C. botulinum spores. Potassium sorbate 
appeared to function as a competitive inhibitor of L-alanine-induced 
germination of B. cereus T and C. botulinum 62A spores (Smoot and 

Pierson, 1981). 
The sensitivity to TFP or W-7 was less affected by pH than 

was germination alone (Fig. 2). The germination rate of normal B. 
cereus T spores decreased as pH decreased from 7.2. When 0.25 mM 
TFP was present in the germination medium, the germination rates 
were nearly constant at pH 4.7-6.7 and decreased when below pH 4.7. 
The pH effect on inhibition by W-7 was intermediate between 
germination with TFP and without inhibitor. The studies on the 
influence of pH on inhibitor potency are difficult to interpret, since 
spore germination itself is altered by pH. However, the potency of 
inhibitors increased when pH increased above 4.0 (Fig. 2). This is 
consistent with the binding between TFP and calmodulin, which 
increases markedly above pH 4.0 and remaines constant up to pH 8.0 
(Weiss et aI., 1982). 

Germination responses at varing concentrations and 
combinations of L- and D-alanine, with or without the calmodulin 
inhibitors are shown in Figure 3. The ratio of the concentration of 
L-alanine giving 50% of the maximum germination rate with various 
concentrations of D-alanine to that without D-alanine and/or 
inhibitors was calculated and plotted in Figure 4, according to the 
method of Schild (1957) and Yasuda and Tochikubo (1984a). 
Competitive antagonists will produce parallel log dose-effect 
curves and an apparent dissociation constant can be obtained 
graphically from the point at which the concentration axis is 
intersected in a Schild Plot (Arunlakshana and Schild, 1959). The 
apparent. dissociation constant of O-alanine interacting with the 
spore in the absence of TFP or W-7 was 6 X 10-7 M. This is lower 
than the 6 X 10-6 M dissociation constant for O-alanine interaction 
with B. subtilis germinating in L-alanine, as reported by Yasuda and 
Tochikubo (1984b). In the presence of 0.5 mM TFP or 0.5 mM W-7, 
the apparent dissociation constants were calculated to be 9.6 X 10- 6 

M and 2.1 X 10-6 M, respectively. The above data indicate that these 
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two inhibitors compete for the binding of D-alanine and reduce its 

binding affinity. 
The effects of TFP and W-7 on post-commitment, connecting 

reactions in germination, including release of calcium, were 
examined. B. cereus T spores were exposed to 10 mM L-alanine for 
10 min and transferred into 180 mM D-alanine with or without TFP 
and W-7. Addition of 0.25 mM TFP and 0.5 mM W-7 to 180 mM D
alanine resulted in greater inhibition of B. cereus T spore 
germination than with 180 mM D-alanine alone (Table 1). If these 
inhibitors worked only at the initial germinant binding sites, the 
combination of two competitive inhibitors should have been 
identical to that of excessive (18-fold) D-alanine alone (Segal, 
1975). Figure 5 shows TFP and W-7 made no significant difference 
in the percent calcium released during germination. Essentially 
similar patterns of calcium release were seen when the 
concentrations of TFP and W-7 were increased to 2 mM (data not 
shown). This differs from the data on decrease in optical density 
(Fig. 1), where both rate and extent of germination were inhibited. 
Therefore, TFP and W-7 inhibited a post-germinant-binding reaction 
which was after calcium release and required for spores to become 
non-refractile. The specific inhibition of optical density decrease, 
but not calcium loss, eliminated the possibility of non-specific 
hydrophobic interaction between the inhibitors and germinant 
binding sites of spores. The binding sites have been described to be 
hydrophobic in Bacillus subtilis (Sammons et aI., 1981; Yasuda
Yasuda et aI., 1978; Yasuda and Tochikubo, 1984a, b; Yasuda et aI., 
1982) and Clostridium perfringens (Craven, 1988; Craven and 
Blackenship, 1985). Again, these findings also are similar to the 
inhibition .by sorbate of B. cereus and C. botulinum spores where 
potassium sorbate appeared to caused inhibition after the germinant 
trigger reaction (Blocher and Busta, 1985). 

A spore protein {possibly an enzyme)-calcium complex is 
necessary to maintain spore dormancy· (Fleming and Ordal, 1964; 
Riemann and Ordal, 1961). Alteration of this stable structure 
(Riemann and Ordal, 1961) or calcium location (Kamat et aI., 1985) 
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would influence connecting reactions which are dependent on 
localized, intracellular, calcium availability. Activation of 
germination-specific enzymes such as trypsin-like proteolytic 
enzymes, the proteases which hydrolyse small acid-soluble spore 
proteins, and cortex-lytic enzyme, has been shown to be essential in 
early germination. Defects in these enzymatic processes (Boschwitz 
et aL, 1983; Cheng et aL, 1978; Foster and Johnstone, 1986) result 
in effects similar to TFP and W-7: germination is not completely 
blocked but full loss of refractility is prevented. However, the 
activation mechanisms and possible relationships between these 
enzymes are not clear. For example, activation of cortex-lytic 
enzyme may be due to its release from an inactive bound form (Gould 
et aI., 1966), presence of an enhancing factor (Mencher and 
Blankenship, 1971), or proteolytic cleavage (Foster and Johnstone, 
1986). Proteolytic cleavage also is suggested to activate the 
protease which lyses small acid-soluble spore proteins (Loshon et 
aL, 1982). Since germination occurs normally in the absence of de 
novo protein synthesis (Keynan, 1978), a modulator might regulate 
activity of some germination-specific enzymes. Possibly, the stable 
calcium-DPA structure serves as a calcium pool and the release of 
calcium is stimulated by germinant binding and modulated by a 
calmodulin-like calcium-binding protein (Shyu and Foegeding, 1989) 
through a conformational change or flip-flop model to ensure the 
connecting reactions in germination were completed. 
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Figure 1. Effect of TFP and W-7 on the L-alanine-induced 
germination of B. cereus T spores. W-7 or TFP was added at 0.025 
(0),0.05 (e), 0.10(0), 0.25 (.), 0.50 (~), and 1.0 (A) mM to the control 

germination medium (X). Inserts left: The effect of inhibitor 
concentration on germination rate; right: double-reciprocal plots of 
germination rate in varying concentrations of L-alanine with 0 (X), 
0.025(0), 0.050 (e) mM TFP or W-7. Results are the means of six to 

ten replicate trials. 
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Figure 2. Effect of pH on the inhibition of L-alanine-induced 
germination of B. cereus T spores by 0.25 mM TFP (.1) or 0.25 mM W-
7 (0). Germination in the absence of inhibitors is identified (D). 

Results are the means of four replicate trials. 
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Figure 3. Effect of TFP or W-7 in combination with O-alanine at 0 
mM (A), 0.05 mM (A), 0.5 mM (0), and 5 mM (.) at different 
concentrations of L-alanine on the germination rate of B. cereus T 
spores. Solid lines represent data obtained without TFP or W-7, 
while dotted lines represent data obtained with 0.25 mM TFP or W-7. 
Results are the means of three replicate trials. 
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Figure 4. Schild plot indiCating the interaction of D-alanine with or 
without TFP or W-7 with B. cereus T spores induced to germinate in 
l-alanine. Data for D-alanine in the absence of TFP or W-7 (0) and in 
the presence of 0.5 mM TFP (4) or 0.5 mM W-7 (0) are presented. X 
represents the ratio of concentrations of l-alanine for 50% of the 
maximum germination rate without D-alanine to that with D-alanine 
(obtained from Fig. 3). Results are the means of three replicate 
trials. 
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Figure 5. Effect of TFP and W-7 on the calcium release during L
alanine-induced germination of B. cereus T spores. 0.5 mM TFP (.1) 
and W-7 (0) were added to the control germination medium (0). 

Results are the means of four replicate trials. Bars show the 
standard errors of the means. 
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Table 1. Effect of TFP and W-7 on the post-commitment, connecting 
reactions, of L-alanine-induced germination of B. cereus T spores. 

Treatment after l-alanlne (10 mM) Initiation % germInated spores • 

180 mM D-alanlne alone 90.3 

180 mM D-alanine + 0.25 mM TFP 69.4 

180 mM D-alanine + 0.50 mM W-7 71.5 

• Results are the means of three replicate trials. 
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ABSTRACT 

A novel calcium-binding protein has been purified from the 
dormant spores of Bacillus cereus T. Purity of this protein was 
verified by sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis (SDS-PAGE) and reversed-phase HPLC. Calcium 
binding ability of this protein was verified by a competitive 
calcium-binding assay using Chelex-100 resin and 45Ca auto
radiography. This protein is heat-stable and retained by hydrophobic 
matrices (phenyl-Sepharose) in a calcium-dependent manner. SDS
PAGE and amino acid composition indicate the molecular weight of 
the protein was 24-kDa. 
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INTRODUCTION 

Large amounts of calcium are accumulated in bacterial spores 
during sporulation. Calcium also plays a role in germination. For 
example, Bacillus cereus spores and Bacillus megaterium spores 
with low contents of Ca2+ were unable to germinate in L-alanine and 
inosine unless Ca2+ was in the medium or a strong electrolyte was 
present (Rode and Foster, 1966a,b; Rowly and Levinson, 1967; Sacks, 
1972). More than 900/0 of the calcium which accumulates during 
sporulation is released during germination (Rode and Foster, 1966b). 
CaCI 2 can activate B. cereus T spores (Douthit and Preston, 1985; 

Kamat et aL, 1985; Nakatani et aL, 1985) and calcium can cause 
germination if the spore coat is removed or weakened. Studies 
involving stepwise extraction of Ca2 + from labelled spores (Kamat 
et aI., 1985) indicated that part of the spore calcium may be 
involved in L-alanine-induced germination. 

Calcium-binding proteins which frequently are involved in 
calcium regulation in eukaryotic cells have only recently been 
reported in bacterial spores (Chapter 3). Until this report, 
dipicolinic acid (DPA) was the only spore component with 
documented calcium-binding properties. Calcium-binding proteins 
have been indicated to be present in several prokaryotic organisms 
but have been purified only from vegetative cells of Myxococcus 
xanthus (Inouye et aL, 1981 and 1983) and Streptomyces erythreus 
(Leadlay et aL, 1984; Swam et aI., 1987). 

Prior reports presented evidence that a calcium-binding 
protein(s} is present in B. cereus spores and that this protein has 
some properties similar to calmodulin (Chapter 3). Furthermore, 
calmodulin. antagonists will inhibit germination of B. cereus spores 
(Chapter 4). This study reports a purification scheme for the spore 
calcium-binding protein and the amino acid composition. 
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MATERIALS AND METHODS 

Microorganism. Bacillus cereus T, from the North Carolina 
State University culture collection, was sporulated at 30 0 C on 
fortified nutrient agar, harvested, and washed with deionized water 
as detailed by Johnson et al. (1982). Clean spores were lyophilized 

and stored at 4oC. 
Crude extract. Dried spores were mixed with two volumes 

of 250-300 J.lm diameter glass beads and broken in a cell 
homogenizer (Braun, MSK) while cooling with liquid C02. Breaking 

required approximately 6 pulses of 1 min each. The breaking 
efficiency was checked microscopically and by colony counts. The 
broken powder was suspended in a minimal volume of extraction 
buffer [50 mM Tris-HCI, pH 7.5, extraction buffer containing 75 mM 
NaCI, 1 mM EOTA, 1 mM phenylmethylsulfonyl fluoride (PMSF), 1 mM 
dithiothreitol (OTT), 1 % isopropanol, 1 mM benzamidine, 7.5 J.lg/ml 
and pepstatin A]. 

Heat treatment. The crude slurry was heated at 900 C for 2 
min to denature most undesired spore macromolecules and clarified 
by centrifugation at 15,000 X g for 1 hr at 40 C. The pellet was 
resuspended in one-tenth of the original extraction buffer volume 
and centrifuged again. The supernatant fluids were combined and 
dialyzed at 40 C overnight against buffer A (50 mM Tris-HCI, pH 7.5, 
with 5 mM CaCI2, 1 mM PMSF, 1 mM OTT, 1 % isopropanol, 1 mM 

benzamidine, and 7.5 J.lg/ml pepstatin A). 
Phenyl-Sepharose chromatography. The dialyzed extract 

(ca. 600 ml from 28 g dried spores) was applied to a 1.5 X 30 cm 
phenyl Sepharose column pre-equilibrated with buffer A at a flow 
rate of 1. ml/min. After the sample was loaded, the column was 
washed until the A280 reached the lowest stable background, then 
washed to the stable background again with buffer A containing 500 
mM NaCI. The calcium-binding protein, determined by the Chelex 
assay, was eluted when washing with buffer A containing 7.5 mM 
EGTA but without NaCI or CaCI2. The peak fractions (ca. 24 ml) were 
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pooled and extensively dialyzed at 40C against buffer B (40 mM Tris

HCI, pH 8.0). 
DEAE-cellulose chromatography. The dialyzed fraction 

was loaded onto a DEAE-cellulose column (0.9 X 30 cm) at a flow 
rate of 0.8 mllmin. The column was washed with buffer B, then the 
protein was eluted with a gradient of NaCI (0-0.5 M) in the same 
buffer. Fractions (3.2 ml) were collected and analysed for calcium
binding activity by the Chelex assay. 

Hydroxylapatite chromatography. The pooled peak 
fractions (ca. 9 ml) from DEAE-cellulose chromatography was 
dialyzed against buffer C (1 mM sodium phosphate, pH 6.8) and 
applied to a hydroxylapatite column (0.9 X 15 cm) previously 
equilibrated with the same buffer at a flow rate of 0.8 ml/min. The 
column was washed with two bed volumes of buffer C and eluted 
with a phosphate gradient (1-200 mM). Fractions (2.4 ml) were 
collected and analyzed for calcium-binding activity by the Chelex 
assay. The calcium-binding fraction was concentrated and 
extensively washed (dialyzed) with 40 mM Tris buffer, pH 7.4, using 
centrifugal concentration tubes (Centricon or Centriprep, M.W. cutoff 
10,000, Amicon, Denvers, MA). After dialysis, 1 mM (final 
concentration) CaCI2 was added to stabilize the proteins which were 
not used immediately in the calcium-binding assays for storage at 
4oC. 

Chelex competitive assay. Calcium-binding activity was 
routinely checked by the Chelex-100 resin competitive assay 
(Tokuda et aI., 1987). A slurry of Chelex-100 resin (100-200 mesh, 
Bio-Rad) was washed extensively with 1 M HCI, and 40 mM Tris-HCI, 
pH 7.4, then resuspended in 40 mM Tris-HCI, pH 7.4, at a resin-to
buffer rati-o of 1/10. While rapidly stirring, 25 JlI of resin was 
pipetted into a final reaction mixture volume of 1 ml which 
contained 1.0 X 106 cpm 45CaCI2 (New England Nuclear, Boston, MA) 

and variable concentrations of test substance. After 30 min of 
strong agitation at room temperature, the mixture was centrifuged 
at 3,500 X 9 for 5 min. A 0.1 ml aliquot of supernatant fluid from 
each reaction mixture was added to 5 ml of Scinti Verse " (Fisher, 
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Raleigh, NC) and subjected to liquid scintillation spectrometry 
(Beckman LS 3801, Beckman Instrument, Inc., Irvine, CA). 

Gel electrophoresis. Both denaturing (sodium dodecyl 
sulfate) and non-denaturing polyacrylamide gel electrophoresis were 
carried out on a 15% resolving gel with the discontinuous system 
described by Laemmli (1970). The gels were stained with Coomassie 
brilliant blue R-250 (Sigma, St. Louis, MO) or silver stain (Bio-Rad, 
Richmond, CA) depending on the protein concentration. 

45Ca autoradiography. Calcium-binding ability was verified 
by autoradiography based on the methods of Marruyama (1984). 
After non-denaturing gel electrophoresis, protein was 
electrophoretically transferred from the gel to nitrocellulose paper 
(0.1 J..lm, Micron Separation Inc. Westboro, MA) at a constant current 
of 200 mA for 2 h at 40C according to the method of Towbin et al. 
(1979). After electrophoretic transfer, the membrane was washed 
with 10 mM imidazole-HCI, pH 6.6, containing 60 mM KCI and 5 mM 
MgCI2 and incubated at room temperature for 10 min in the same 
buffer containing 2.5 J..lM 45CaC12. Membranes were washed for 5 min 

in 50% ethanol, air-dried 3 h, and exposed to X-ray film (X-Omat AR, 
Eastman Kodak Co. Rochester, NY) for 24 h. 

Protein elution. The calcium-binding protein which was 
localized using the autoradiographam was excised from the 
membrane and dissolved in a minimun volume of 25% acetonitrile in 
0.1 M ammonium acetate, pH 8.9, for 4 h at 37oC. Elution typically 
required about 0.5 ml of solvent per cm2 of membrane (Parekh et aI., 
1985; Montelaro, 1987). 

Reversed-phase chromatography. A 2.1 mm x 3 cm HPLC 
butyl column (Brownlee Labs, Santa Clara, CA) was used for 
desalting.. The elution gradient was 0.1 % trifluoroacetic acid in 
water and 0.1 % trifluoroacetic acid in acetonitrile. 

Amino acid analysis. Amino acid composition was 
determined by the Protein Sequencing Facility at North Carolina 
State University (Raleigh, NC) according to the protocol of 
Bidlingmeyer et al. (1984). Salt-free samples from HPLC reversed
phase chromatography were lyophilized and hydrolyzed by gas-phase 
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HCI-hydrolysis in 1500 C oven for 1 h. After hydrolysis, 
phenylthiocarbamyl (PTC) derivatives of the amino acids were 
formed and analyzed by reversed-phase HPLC on a pico-tag amino 
acid analysis column. Molecular weight was determined based on the 
mole % of tyrosine. 
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RESULTS AND DISCUSSION 

Purification of a novel calcium-binding protein from 
endospores was carried out using freeze-dried spores of B. cereus T. 
The calcium-binding ability routinely was determined qualitatively 
during purification by the Chelex competitive assay. Calcium
binding protein eluted from phenyl-Sepharose with few 
contaminants in about the first 1.S-bed volume by washing with 
buffer A containing 7.5 mM EGTA and no salt (Append. 4). This 
protein was further purified using OEAE-cellulose chromatagraphy, 
where it eluted between 0.35 and 0.4 M NaCI. The unbound fraction 
did not contain detectable calcium-binding activity. Using 
hydroxylapatite chromatography, only a single peak of calcium
binding activity was resolved between 90-120 mM phosphate 
concentration. A homogeneous protein of approximately 24-kOa 
molecular weight was obtained from hydroxylapatite 
chromatography as determined by SOS-PAGE (Fig.1). 

Calcium-binding ability of the purified protein was directly 
verified by 45Ca autoradiography in the presence of excess amounts 
of other cations (Mg2+ and K+) (Fig. 2). The autoradiogram using 
protein transferred from a non-denaturing polyacrylamide gel 
indicates one protein with specific calcium-binding ability is 
present. The migration on the non-denaturing gel appears close to 
the calmodulin positive control. Autoradiography using protein 
transferred from denaturing (SOS) acrylamide gels was unsuccessful 
using the B. cereus spore calcium-binding protein although it was 
successful using the calmodulin control (data not shown). 

The purity of this calcium-binding protein was verified by 
HPLC reversed-phase chromatography. A single peak eluted at a 
position corresponding to approximately 61 % acetonitrile (Append. 
5). The amino acid composition of this spore calcium-binding 
protein is detailed in Table 1. From the amino acid composition, the 
molecular weight was determined to be' 24-kOa and the protein is 
composed of 222 amino acid residues. The molecular weight is 
consistent with that estimated from SOS-PAGE (Fig. 1). 
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The amino acid composition provides information for 
comparative studies with calmodulin from bovine brain and protein S 
from Myxococcus xanthus. This protein is structurally silimilar to 
bovine brain calmodulin and calcium-binding domains of these two 
proteins have a high level of homology (Inouye et aI., 1983). None 
of these three proteins contains Cys residues. The unique 
trimethyllysine residue presented in calmodulin was not identified 
in this calcium-binding protein. Additionally, bovine brain 
calmodulin has 148 amino acids and a molecular weight of 16,700 
and protein S has 209 amino acids and a molecular weight of 23,000. 
This calcium-binding protein has 222 amino acids and a molecular 
weight of 24,000. 

To predict some properties of this calcium-binding protein, 
the average hydrophobicity (H <Dave) and discriminant function scale 

(Z) were calculated from the amino acid composition according to 
the methods of (Bigelow, 1967) and Barrantes (1975), respectively. 
This calcium-binding protein has an average hydrophobicity of 0.90 
kcal/residue and a discriminant function of o. Bovine brain 
calmodulin has similar values of 0.88 kcal/residue and 0.02, 
respectively. Proteins with similar values have been described as 
"soluble non-membrane proteins" (Barrantes, 1975). The majority of 
the calmodulin from many cells appears to be readily soluble 
(Burgess et aI., 1983). However, consistant with it being assembled 
on the cell surface, protein S has higher values of 1.08 kcallresidue 
and 0.25, respectively. Generally, proteins which are related to each 
other have similar hydrophobicity index values (Bigelow, 1967). 

Lyophilyzation of spores enhanced the extraction of calcium
binding protein, avoided formation of sticky bubbles, avoided the 
need for use of anti-foam, and reduced the preparation volumes. Use 
of lyophilization also might decrease losses due to protease 
activity. Disruption of wet spores during the purification of small 
acid-soluble proteins has allowed significant proteolysis (Johnson 
and Tipper, 1981; Setlow, 1985). 

The detectable calcium-binding capacity of purified calcium
binding protein decreased during storage at 4oC, especially in the 
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absence of calcium (data not shown). Instability of purified 
mammalian duodenal calcium-binding protein (Terence et aI., 1983) 
and porcine intestinal calcium-binding protein (Randolph et aI., 
1988) in the absence of calcium during storage has been reported. 

The small amount (ca. 3 Jl9/100 g wet spores) of purified 
calcium-binding protein obtained has prevented further 
characterization at this time. Conclusive evidence concerning the 
function of this calcium-binding protein in spores of B. cereus. is 
also not yet known. However, since calcium plays a vital role in 
bacterial spore, the finding of calcium-binding protein may help us 
to realize more about the regulation and role of calcium in 
sporulation and germination of bacterial cells. 
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Fig. 1 SDS-polyacrylamide gel electropherogram of calcium-binding 
protein of B. cereus T spores. Electrophoresis was carried out on a 
slab gel of 15% polyacrylamide. Lane A: Molecular weight markers, 
from top to bottom: phosphorylase b, 94K; bovine serum albumin, 
67K; ovalbumin, 43K; carbonic anhydrase, 30K; soybean trypsin 
inhibitor, 20.1 K; a-lactalbumin, 14.4K. Lane B: calcium-binding 
protein, single band denoted by arrow. 
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Fig. 2 Autoradiogram showing 45Ca binding to B. cereus T calcium
binding protein. Lane A: 10 Jlg bovine brain calmodulin. Lane B: 40 
Jlg bovine serum albumin. Lane C: spore calcium-binding protein. 
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Table 1. Comparison of amino acid compositions of the calcium-
binding protein of B. cereus T spores, bovine brain calmodulin and 
protein S from Myxococcus xanthus. 

-------------------------
Calmodulina Protein Sb Spore calcium-

binding proteinc 

Amino number of mole% number of mole% number of mole% 
acid residues residues residues 

Asx 23 15.5 34 16.3 24 10.8 
Thr 12 8.1 9 4.3 5 2.3 
Ser 4 2.7 14 6.7 10 4.5 
Glx 27 18.2 24 11.5 43 19.4 
Pro 2 1.4 15 7.2 4 1.8 
Gly 11 7.4 16 7.7 22 9.9 
Ala 11 7.4 16 7.7 23 10.4 
Val 7 4.7 18 8.6 18 8.1 
Met 9 6.1 1 0.5 1 0.5 
lie 8 5.4 13 6.2 6 2.7 
Leu 9 6.1 15 7.2 25 11.3 
Tyr 2 1.4 7 3.3 1 0.5 
Phe 8 5.4 10 4.8 10 4.5 
His 1 0.7 0 0.0 6 2.7 
Lys 7 4.7 8 3.8 15 6.8 
Arg 6 4.1 7 3.3 9 4.1 
TMLd 1 0.7 

__ e 

Trp 0 0.0 1 0.5 
Cys 0 0.0 0 0.0 0 0.0 

Total 148 209 222 

-------------------------
a. Watterson et aI., 1980. 
b. Inouye et aI., 1981. 
c. This study. 

d. TML=trimethyllysine. 

e. --: not determined. 
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CHAPTER 6, SUMMARY 

This research is composed of two major parts: the biochemical 
study of the purification of a novel calcium-binding protein from B. 
cereus spores and the physiological study of the germination 

mechanism of B. cereus spores. 
Initial experiments (Chapter 3) indicated the presence of 

calmodulin-like calcium-binding protein in B. cereus spores and 
encouraged the use of calmodulin antagonists to probe the possible 
role of this protein in spore germination. Inhibition of spore 
germination by these antagonists (Chapter 4) offered strong but not 
conclusive evidence that a calmodulin-like calcium-binding protein 
is involved in germination. 

In this study, spores lose heat resistance, release calcium, 
partially lose refractility (turn to phase grey or bright in center 
with black edge) (Appendic 3), and partially lose turbidity when 
germinated in the presence of TFP or W-7. Physiological 
characteristics associated with the process of spore germination 
have been shown to proceed in a time-ordered sequence (Levinson 
and Hyatt, 1966). Generally, this sequence proceeds as follows: loss 
of resistance to heat and toxic chemicals, release of Ca2+ and DPA, 
uptake of stains, loss of refractility or phase-darking, loss of 
hexosamine or cortical degradation, and loss of turbidity of spore 
suspensions as illustrated in Fig. 1. These inhibitors function after 
release of calcium and before loss of refractility in the above time
ordered sequence as proposed in Chapter 4 and noted in Fig. 1. 
However, the diversity of possible germinants and the responses to 
calmodulin antagonists suggest multiple pathways of germination 
are also p.ossible i.e. these germination-related events can proceed 
in multiple ways simultaneously or via a branched pathway. The 
extremely complex and unclear germination mechanism and the 
arguable specificity of the calmodulin antagonists make it difficult 
to understand the precise role of this protein in spore germination. 
One possible model is schematically illustrated in Fig. 2. Molecular 
genetic techniques may provide a good means to probe its function. 
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Double-reciprocal (Lineweaver-Burk) plots have been used to 
study inhibition of B. cereus and C. botulinum spore germination 
(Smoot and Pierson, 1981; Yasuda et aL, 1982; Yasuda-Yasuda et aI., 
1978). However, the suitability of these methods are arguable since 
they originally were designed for simple enzyme-sustrate reactions. 
Germination rates based on the kinetics of optical density changes 
are not necessarily proportional to simple enzymic reaction rates. 
Also, since the spore germination reaction is rapid and irreversable, 
it is difficult to study reversability of inhibitors, which is required 
to define the competitive characteristics in spore germination, if 
they are not simply working on the triggering reaction. 

Deterimination of this calcium-binding protein sequence and 
design of oligonucleotide probes based on this sequence information 
to screen a B. cereus genomic library with the oligonucleotides 
would be a reasonable follow-up study. Recombinant DNA probes 
will be useful in studying the expression of this protein during 
various stages of the cell cycle or during development or 
differentiation. Recombinant DNA technology also may be useful for 
obtaining large amounts of this protein which is present at such low 
levels that it cannot be isolated in sufficient quantities for detailed 
biochemical analysis. 

New calcium-binding proteins have been found recently from 
bovine brain [CBP-18 (Manalan and Klee, 1984), CBP-17, CBP-18.4, 
CBP-21, CBP-26 (Szebenyi et aL, 1981; McDonald and Walsh, 1985), 
CBP-27, CBP-48 (Tokuda et aL, 1987)] since calmodulin was 
discovered in bovine brain in 1970. A systematic search for other 
calcium-binding proteins in spores and vegetative cells from B. 
cereus and other spore-forming bacteria also would be a good 
possible f~ture study. 
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Fig. 1. The effects of TFP and W-7 on the germination events. X 
denotes events which has been affected, 0 denotes events which 
have not been affected and ? denotes events for which the effect is 
unsure. Although the inhibitors compete with germinants (Chapter 
4) when measured by 0.0. decrease, it is not sure the inhibitors 
compete the binding of germinants with spores germinants binding 
sites or with other molecules involved in 0.0. decrease. If the 
inhibitors do compete with the germinants at the initial binding 
sites, there are two possible reasons to explain why these inhibitors 
interfere in early and late but not middle germination steps. One is 

that loss of heat resistance and release of Ca2+ are parallel, branch 
events (as shown in dotted line) and not affected by inhibitors. 
Another explanation is that release of Ca2+ is a macro analysis 
which does not indicate the concentration and availability of Ca2+ on 
a micro-cellular basis. 
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Fig. 2. Proposed model of the involvement of the calcium-binding 
protein in spore germination. Possibly, stable calcium-DPA-(spore 
structure) network serves as a calcium pool and a barrier of 
calcium-binding protein in the dormant state. The disrupture of this 
network and relocalization of calcium may be stimulated by 
germinant binding so that the calcium-binding protein becomes 
active to some key enzyme(s) involved in later germination 
reactions. However, the accessibility of this calmodulin-like 
calcium-binding protein may be blocked in the presence of TFP or W-
7 so that the connecting reactions in germination can not completed. 
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Appendex 1. Comparison of amino acid compositions of calcium-binding 
proteins (CBP) from various sourcesa . 

---------------------------------
Calmodulin Calmodulin Calmodulin CBP, cell CBP, cell CBP, spore 
bovine brainb spinach leafc yeastd B. subtilis e M. xanthus f B. cereus9 

Asp 23 15.5 25 17.0 22 14.9 11 4.7 34 16.3 24 10.8 
Thr 12 8.1 9 6.1 10 6.8 11 4.5 9 4.3 5 2.3 
Ser 4 2.7 4 2.7 9 6.1 63 26.4 14 6.7 10 4.5 
Glu 27 18.2 25 17.0 24 16.2 33 13.9 24 11.5 43 19.4 
Pro 2 1.4 2 1.4 3 2.0 8 3.2 15 7.2 4 1.8 
Gly 11 7.4 10 6.8 12 8.1 48 20.1 16 7.7 22 9.9 
Ala 11 7.4 11 7.4 10 6.8 19 7.8 16 7.7 23 10.4 
Val 7 4.7 8 5.4 7 4.7 6 2.7 18 8.6 18 8.1 
Met 9 6.1 8 5.4 7 4.7 1 0.4 1 0.5 1 0.5 
lie 8 5.4 7 4.7 8 5.4 5 2.3 13 6.2 6 2.7 
Leu 9 6.1 11 7.4 10 6.8 5 2.2 15 7.2 25 11.3 
Tyr 2 1.4 1 0.7 2 1.4 8 3.2 7 3.3 1 0.5 
Phe 8 5.4 9 6.1 7 4.7 4 1.9 10 4.8 10 4.5 
His 1 0.7 1 0.7 1 0.7 11 4.6 0 0.0 6 2.7 
Lys 7 4.7 9 6.1 9 6.1 3 1.3 8 3.8 15 6.8 
Arg 6 4.1 5 3.4 5 3.4 2 0.8 7 3.3 9 4.1 
TMLh 1 0.7 1 0.7 1 0.7 -j 

Trp 0 0.0 0 0.0 0 0.0 1 0.5 
Cys 0 0.0 0 0.0 0 0.0 0 0.0 0 0.0 0 0.0 

Total 148 147 148 238 209 222 

a. The first column under each protein is the number of residues of each amino 
acid and the second column is the mole 0/0. 

b. Watterson et aI., 1980. 
c. Schleicher et aI., 1982. 
d. Nakamura et aI., 1984. 
e. Fry, 1988. 

f. Inouye et aI., 1981. 
g. This study. 
h. TML=trimethyllysine. 
i. --: not determined. 
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Appendix 2. A comparison of the protein binding efficiencies of 
different membranes. Bovine brain calmodulin (Sigma, St. Louis, MO) 
(10 Jlg per well) was separated by the same SDS-polyacrylamide 
slab gel. The electrophoresis was carried out on 15% polyacrylamide 
gels as detailed previously. The calmodulin samples were 
electrophoretically transferred to A: nitrocellulose membrane (0.1 
Jlm, Micron Separation Inc. Westboro, MA); B: Immobilon PVDF 
transfer membrane (Milipore, San Francisco, CA); and C: Zeta-Probe 
membrane (Bio-Rad, Richmond, CA). Electrophoretic transfer was as 
detailed previously. After electrophoretic transfer, the membranes 
were soaked in 45CaCI2 buffer with excess amounts of Mg2+ plus K+ , 
dried, and exposed to X-ray film (X-Omat AR, Eastman Kodak Co., 
Rochester, NY) for 24 h. This comparison indicates that the Zeta
Probe (nylon) membrane allows the best transfer of calmodulin 
under these transfer conditions. However, due to the inability to 
usefully stain proteins on the nylon membranes, a nitrocellulose 
membrane was used routinely in this study. 
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Appendix 3. Micrograph of phase-grey spores. Spore of B. cereus 
were germinated in 10 mM L-alanine, 5 mM adenosine and 0.5 mM W-
7, pH 6.4, 20 min. 
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Appendix 4. Elution profile of phenyl Sepharose chromatography. 
Selected fractions were examined by SOS-polyacrylamide (15%) gel 
electrophoresis. Key to lanes: A, supernatant fluid from heat
treated crude extract. B, components from extract of lane A which 
passed through phenyl Sepharose column without binding (peak A). C 
and D, peak fractions eluted from phenyl Sepharose columns. 
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Appendix 5. Elution profile of HPLC reversed-phase chromatography. 
A 2.1 mm x 3 cm HPLC butyl column (Brownlee Labs, Santa Clara, 
CA) was used for the desalting of calcium-binding protein which 
eluted from nitrocellulose membranes. The elution gradient was 
0.1 % trifluoroacetic acid in water and 0.1 % trifluoroacetic acid in 
acetonitrile. 
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Appendix 6. Effect of EGTA on the inhibition of germination caused 
by TFP and W-7. 50 mM EGTA (filled points) were added to the 
germination medium with 250 mM TFP (.~) or 500 mM W-7 (0). 
Germination in the absence of inhibitors (D) was not affected by the 
EGTA (data not shown). Results are the means of six replicate 
trials. 
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Appendix 7. Cpmparison of characteristics of calmodulin or calmodulin-like proteins from various sources. 

------------------------------------------------------------------------------------
Characteristic Animala Planta Aigaea Yeasta Ecoli b B.subtilis c Streptomyces d B. cereus Te 

erythreus spore 

Heat Stable + + + + + + + + 

Calcium-dependent - hydrophobic binding + + + + + + + + -\0 

4SCa binding by 

autoradiography + + +' + + 

Immunoreaclivity to 

anti-bovine calmodulin + + + + + + + + 

Phosphodiesterase 

activator + + N.D.! + N.D. N.D. 

Mobility shift on 
SOS-PAGE after 

calcium bound + + + N.D. N.D. + 

a.-Data colieCted-~~mseveffilpapers.-------------------------------------------------------------

b. Harman et aI., 1985. 
c. Fry et aI., 1986. 
d. Leadlay et aI., 1984. 
e. This study. 
f. N.D.: not determined. 
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