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A.

Statement of the Problem Studied

The coat of bacterial spores usually consists of two morphological layers
which function to protect spores from various solvents and enzymes such as
lysozyme.

It may also have a direct or indirect role in germination.

Little

is known, however, about the assembly of the coat, the properties of the
polypeptides present in each layer, and the function(s) of each in solvent
resistance, germination or assembly.

Among the spore formers, Bacillus

subtilis has been selected for the study of these problems because of the
genetic, biochemical and cloning techniques available.

A variety of approaches

centering on genetic engineering technology have been used to define the
structure and function of rarticular B. subtilis spore coat proteins.

B.

1.

Summary

Both the precursor and mature CotT proteins were partially sequenced

in order to confirm that a 10.1 kDa precursor initiated with a TTG codon and
was processed at an arg-gln bond to produce the 7.8 kDa mature protein.

Site

directed mutagenesis was used to change the arg to ile (confirmed by
sequencing).

A heterozygous diploid was constructed and the spores were very

similar tc the wild type in protein profile and germination responses.
Extracts of this diploid contained an excess of CotT precursor detectable in
immunoblots whereas little if any was found in the parental strain or in a
diploid with two copies of the wild type cotT gene.

This modified CotT protein

appears not to be processed but its effect in single copy must be determined.
Strains containing only a copy of the mutant gene were isolated as
chloramphenicol-sensitive revertants of the diploid.

The presence of only one

copy of the cotT gene was confirmed by Southern hybridization.

These

revertants accumulated CotT precursor in extracts (Fig. 1) or on spores.
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Fig. 1.

Immunoblot with CotT antibody of spore extracts from

B. subtilis JH642 mutants containing a single copy of
the cotT gene altered at the processing site
and from B. subtilis JH642 (lane 5).

(lanes 1-4)

Arrow I indicates

precursor CotT antigen present in cxtracts of spores produced
by the mutants and arrow 2 shows the processed CotT antigen in
extracts of spores from the parental strain.

2.

As previously mentioned, the CotT protein is over expressed in a gerE

strain with most of the precursor in extracts of sporulating cells (Aronson et
al. in publication list).

Two deletion mutants of cotT were constructed and

one contained an intact gene with the presumed RNA polymerase binding site
(consistent with nuclease S1 mapping) but lacked the upstream region.

No CotT

antigen was produced by this strain and the spores had the same germination
defect as a deletion which contained two defective gene copies.

Apparently, an

upstream region (perhaps the GerE protein binding site) is needed for
transcription.

We have sent the cotT clone to Dr. R. Losick at Harvard for a

further study of regulation (cotT-lacZ fusions).

In return, he has sent clones

of the cotD and cotE genes (as well as deletion strains) for our analysis of
spore properties and coat assembly.

We are in communication to be certain that

different coat genes are being cloned and studied so that our results will
complement each other.

2

3.

The cotT deletion strains germinated poorly in the presence of the

glucose-fructose-asparagine mixture but the same as the wild type in L-alanine
(plus inosine) or Penassay broth (Bourne et al. in publication list).

The slow

germination rate was unchanged when the concentration of germinants was
decreased ten fold or increased two fold.

Perhaps, the absence of the CotT

protein alters the coat structure subtley (little difference from the wild type
seen in electron micrograph sections) and thus access to a target for this
particular germination mixture.
Increasing the copy number of the cotT gene on a low copy number plasmid
resulted in spores which germinated slowly in response to each of three
germination systems.

These spores have extra inner codc layers and a large

amount of precursor antigen was extracted from well washed spores.

In fact,

there appears to be two CotT precursor proteins present, a major one of 10.1
kDa and a second one of about 8.5-9.0 kDa.

Since these precursors can

associate tightly with spores, they may be processed after deposition.

4.

The cotT gene has been subcloned into an T 7 polymerase expression

vector kindly provided by Dr. W. Studier and a 10 kDa band was detected in cell
extracts by staining and immunoblotting.

The processing protease (probably

trypsin-like) is of interest especially since it may be a spore specific
protease with other functions related to coat morphogenesis.

In vitro, trypsin

but not the B. subtilis serine proteases appeared to cleave the CotT precursor
to a polypeptide of the correct size

(Aronson et al.).

A B. subtilis mutant

lacking an intracellular trypsin-like activity still processed CotT precursor
so a special protease(s) may be involved.

5.

A limited number of studies have been done with the cotD gene and its

deletion clone kindly provided by Dr. Losick.

CotD overproduction (stained

band on SDS-PAGE of spore or cell extracts) resulted in some decrease in

3J

germination for all three germinants but not as marked an effect as
overproduction of the CorT protein (on the same low copy number plasmid so gene
copy number should be about equal; see Bourne et al.).

There were no

detectable germination effects due to a deletion of the cotD gene.

6.

There was some -verpro-uction of the CotE protein when cloned on a

low copy number vector but Po noticeable effect on germination nor change in
the lysozyme-sensitivity of the spores.

Apparently, extensive overproduction

of this protein inhibits sporulation (B. Zheng and R. Losick, personal
communication) but some overproduction in the low copy number plasmid was
evident from stained SDS-PAGE.

Since the protein is difficult to detect in

stained gels, an antibody was produced by synthesizing a peptide of 20 residues
from the sequence at the carboxyl end.

This peptide was purified on HPLC and

coupled to bovine serum albumen for subcutaneous injection into rabbits.

The

antibody is specific for the CotE protein and was used in immunoblots to
confirm overproduction in the strain containing the clone as well as the
absence of CotE antigen in the deletion qtrain.
CotE antigen appeared early in sporulation (Stage II-III)and was not
present in a spoOB mutant.

Once produced, the CotE protein was stable since it

survived prolonged incubation of sporulating cells in chloramphenicol.

Even

though it appears to be a hydrophilic protein, CotE antigen was found primarily
in the crude insoluble fraction after lysis by sonication (Fig. 2).

Fig. 2.

Immunoblot with CotE antibody of extracts from

sporulating cells (stage II-III, i.e. before the appearance
of phase-white endospores) of the wild type, PY17, (lanes 1
and 2) and the cot E deletion strain (lanes 3 and 4).

Lanes

1 and 3 contain soluble fractiuns prepared by sonication and
centrifugation at 20,000 xg for 10 min.

Lanes 2 and 4

contain 6M urea--1% SDS pH 9.5 extracts of the insoluble
tractions.

Arrow on left indicates a broad band of CotT

antige. of ca.

2kD.

Note also smaller reacting antigen

which may be a degradation product.

Sharp reacting band of

higher molecular weight in lanes I and 4 is present usually
in the soluble fraction of all cells (even during
exponential growth and in a spoOB mutant).

Endospores were separated from this crude membrane fraction in a Renografin
gradient and both fractions contained CotE antigen whereas CotT antigen was
primarily present in the spore extract.

The protein was not solubilized with

low or high (0.5M KCL) ionic strength buffer, with 1% Triton X-100, Brij 35 or
n-octyl-glucoside.

Either SDS or 8M urea was needed for solubilization.

A data bank search revealed some homology over a stretch of ca. 65 amino
acids in the middle of the protein to an acidic cytokeratin intermediate
filament protein from bovine bladder urothelium.

5

There are 17 identical and 29

similar residues within this region which is believed to form an a helix in the
cytokeratin important for the protein interactions required for filament
forrmation.

The homology is intriguing because (1) intermediate filament

proteins have not been found in prokaryotes and because (2) one of the
phenotypic effects of a cotE deletion is the production of very small condensed
germinated spores (see below) perhaps due to the absence of some critical spore
structural component.
Germination studies have been done with the cotE deletion and there
was a short lag (5-10 minutes) in L-alanine (plus inosine and KCL; Fig. 3),
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cotEdeledion 4pHPIS/E
Fig. 3.

•PY17

Germination of spores of the wild type (PY17), the

cotE deletion and a strain with the cotE gene on a low copy
number plasmid (pHP13/E).

Spores were suspended to an A 5 5 0

value of 1.0, and heat activated at 800 C for 20 min.
Germination was in 0.05M Tris-0.1M KCL, pH 7.6 plus 1mM each
of L-alanine and inosine.
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but not in Penassay broth.

The lag was found with or without heat activation

and even when the L-alanine concentration was increased tenfold (to IOMM) but
not if KCL were omitted from the germination mixture.

Germination proceeded

after the lag perhaps more rapidly than in the control and always to a much
lower optical density (i.e. 80% decrease versus about 50-60% in the control;
Fig. 3).

There was little lysis of these germinated spores as determined by

viability assays before and after germination for 120 min.

The germinated cotE

spores were very condensed in appearance in the phase microscope which could
account for the extensive decrease in light scattering.

There are obviously a

lot of interesting properties of this cotE deletion strain in relation to coat
structure, assembly and germination.

CotE antibody was sent to Dr. Losick for

electron microscope studies of the localization of this antigen.
Lysozyme-resistant spores produced by the cotE deletion strain were
isolated from B. subtilis Marburg containing the deletion.

The presence of the

deletion was confirmed by transforming the marker (chloramphenicolR) to B.
subtilis JH642 and by Southern hybridization.

Two suppressor strains have been

studied and both were as solvent-resistant (n-octanol, chloroform) and the
spores germinated the same as the original deletion strain.

There were one or

two novel polypeptides of ca. 25 kDa in extracts of spores or spore coats from
the suppressor strains but most of the other high molecular weight outer spore
coat proteins were still absent.

Both suppressors appear to be linked to the

aroD gene but more extensive mapping is needed.
One other interesting property of the spores formed in the cotE
deletion strain is the presence of CotT antigen primarily in the precursor
form (Fig. 4).

7
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Fig. 4.

Immunoblot with CotT antibody of spore extracts

from the wild type strain PY17 (lane 1) and the CotE
deletion strain (lane 2).
prevalent

The processed CotT antigen is

in the wild type (arrow 3) whereas the precursor

forms of CotT (arrows I and 2) are present in -pores lacking
outer coat due to the cotE deletion.

This protein is probably present in the inner coat but apparently is not
processed

in the absence of outer coat.

A possibly functional relation between

processing and outer coat assembly will be studied in the strain with the Cotl
processing mutation.
Two other coat genes are being cloned. In one case, a coat polypeptide
was transferred to a PVDF membrane for sequencing.

In the other, the coat

insoluble fraction (i.e. 20-30% of the protein remaining after extensive
extraction of purified spore coats) was digested with formic acid and the
peptides were resolved on HPLC.
probes prepared.

One pure peptide was sequenced and mixed

Southern transfers of restriction enzyme digests of B.

subtilis JH642 DNA were hybridized with these probes.

Some HindIlI

fragments

have been subcloned and will be sequenced using the probes as primers.
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Gene structure and precursor processing of a novel
Bacillus subtilis spore coat protein
A. I. Aronson,* H.-Y. Song and N. Bourne
Department of Biological Sciences, Lilly Hall. Purdue
University, West Lafayette, Indiana 47907, USA.
Summary
The gene for an unusual 8 kD Bacillus subtilis spore
coat polypeptid e has been cloned and sequenced . It
contains high percentag es of proline, glycine and
tyrosine, lacks thirteen amino acids, and is present as
the carboxyl two-thirds of an open reading frame
encoding a 12k0 polypeptid e. Two presumptiv e precursors which could be converted to the 8 kD antigen
by incubation with trypsin were found in extracts of
cells or spores of a strain containing multiple copies of
this gene. Large amounts of these coat antigens were
also present in extracts of a germinatio n-defective
mutant which is altered in spore coat structure. There
was little 8 kO coat protein in the mutant, however,
implying that processing is dependen t on proper coat
assembly. This gene was mapped to the metA region
of the B. subtilis chromosom e, a unique location as is
true for other spore coat genes. Transcript ion and
translation occurred late in sporulation (stage V) and
the upstream region contained sequences similar to
those found in other spore coat genes.
Introductio n
The proteinaceous coat layers of the bacterial spore
(exclustve of the exosporium) are believed to have a
protecttve function and to play some role in germination
(Aronson and Fitz-James . 1976; Kutima and Foegeding,
1987). A cryptic cortex lyttc enzyme (Brown eta/., 1982;
Fos ter and Johnstone. 1987) or proteases involved in the
acttvatton of thts enzyme (Boschwitz eta/., 1985) may be
assocta ted wtth an integral part of the coat. Alternatively,
the ccat may simply function as a barrier or conduit for
germination factors reaching their target at the inner spore
membrane (Skomurski et a/., 1983).
The nature and heterogeneity of the proteins comprising
the spore coat vary from a rather simple array of low
molecular weight polypeptides in Bacillus cereus (Aron son and Fitz-James , 1976), Bacillus megaterium (Stewart
Rece1ved 21 August. t988. 'For corresponden ce.

and Ellar. 1982). and perhaps clostridta (Tsuzukt and
Ando, 1985) to a rather heterogeneous group of polypeptides in B. subtilis (Goldman and Tipper 1978; Pandey and
Aronson. 1979; Jenktnson eta/., 198 1). The appearance in
freeze-etched electron micrographs of the surface layers
of the latter spores also differs considerably from the
others (Holt and Leadbetter , 1969; Aronson and FitzJames. 1976). In the case of B. subtilis. the extractable
proteins vary in size from about 65 kD to 7 kD wtth a
preponderance of 4- 5 species of 7-1 2 kD. In fact, some of
the larger. less prevalent protetns found tn SDS-PAGE
may be contaminants or superficial componen ts stnce
their presence varies wtth the medium used for spore
formation, with the age of the spores and perhaps wtth the
methods used to prepare spore coats or to extract spore
coat proteins (Jenkinson et a/., 1981 : Sastry et a/.. 1983:
Feng and Aronson, 1986).
In addition. about 30% of the protein tn B. subtilis spore
coats is not soluble under a variety of condittcns and ts
probably composed of cross-linked polypeptides. 1n part
antigenically similar to some of those found tn the soluble
coat fraction (Pandey and Aronson. 1979: Feng and
Aronson. 1986). The nature of the cross-link1ng 1s not
known (Pandey and Aronson. 1979: Goldman and Ttpper.
1981).

To date. efforts to isolate mutants defective tn spore
coat assembly or structure in B . subli/Js_have not been very
fruitful. There is only a single germination defective
mutant. GerE (Moir eta/.. 1979: Moir. 1981). altered tn
spore coat structure. This gene appears to encode a
DNA-binding protein (Holland eta/.. 1987) and thts mutant
is pletotroptcally altered in coat protem composit1on
(Jenkinson and Lord. 1983: Feng and Aronson. 1986). In
addition. there are a few other less well-defined presumptive coat mutants (SpoVI. A. B. C) (Jenktnson . 1981 : 1983:
James and Mandelstam . 1985).
The complextty of B. subtilis spore coat polypepttdes
poses an interesting problem regarding assembly of a
protective structure which may be directly tnvolved in
germination . As a start in dissecttng this complex process,
several spore coat genes have beeo cloned and thetr
regulation as well as their functions have been examtned
(Donovan et al.. 1987: Sandman et al.. 1988). Here we
report the clontng and analysis of the gene for one of the
more prevalent and unusual low molecular weight spore
coat proteins (Goldman and Tipper, 1978). It appears that
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Fig. 1. HPLC elution profile of the Na~o. precipitate of a spore coat
extract. The precipitate was dissolved in 20% n-propanol-0. I o/o TFA and
loaded onto an RP-P column. Elution was perlormed with a linear
gradient of 2(}-1 00% n-propanol-0. 1o/o TFA. Peaks 8-0 (eluting at about
40o/o n-propanoQ were collected manually, pooled from several runs,
lyophilized and rechromatographed. Initially, peak 0 was sequenced in
order to prepare an oligonucleotide probe. Subsequently 2(}-30 residues
of purified peaks 8 and C were sequenced and found to be identical to
peak 0.

the mature coat protein is processed from a precursor,
perhaps on the spore surface.
Results
Isolation of a spore coat protein and cloning of the gene

One of the major, low molecular weight spore coat
proteins was salted out from a spore coat extract with
0.1 M Na 2S0 4 (Goldman and Tipper, 1978}. Following
extensive washing with distilled water, the precipitate was
dissolved in 20% n-propanol-0.1% TFA and fractionated
on a reversed phase column (Fig. 1}. Peaks B-D were
collected manually, lyophilized and refractionated in the
same system as in Fig. 1. Initially, purified peak D was
lyophilized and sequenced: NH 2 gln-pro-tyr-tyr-tyr-proarg-pro-arg-pro-pro-phe-tyr-pro-pro-tyr-tyr-tyr-pro-arg.
A mixed deoxyoligonucleotide encoding the underlined
amino acids (the pro-tyr-tyr-tyr-pro portion is repeated}

was synthesized: CA~CCXUAguAguAgcc. It was
later found that the sequence of the first twenty amino
acids for peaks B and C were the same as for peak D
(unpublished results). There is no evidence for multiple
genes based on Southern hybridization of the cloned
1.2 kb Hind Ill fragment (see below} to total B. subtilis DNA
digested with Hindlll, EcoAI or BamHI (unpublished
results}. It is assumed, therefore, that the three closely
eluting peaks in Fig. 1 reflect the same polypeptide bound
to some other components, but this possibility has not
been explored any further.
The purified oligonucleotide was labelled and
hybridized to pools of plasmids containing fragments from
a partial Sau3A digest or to Southern blots of a Hindlll
digest of B. subtilis DNA, as described in the Experimental
procedures. In both cases, a 1.2 kb Hindlll fragment was
isolated and sequenced {Fig. 2}. Only 759 nucleotides are
shown, since this region includes the major open reading
frame {OAF) encoding a polypeptide of 107 amino acids
(13 kD} including the sequence of peak D {the gene
encoding this OAF is designated cotT). The only other
OAFs greater than 40 amino acids long extensively
overlapped cotT. The sequence of peak D starts about one
third of the way from the amino end of the OAF {thick arrow
in Fig. 2} and would encode a polypeptide of 7.8kD. S1
nuclease mapping using either a Hindiii-Hhal endlabelled fragment or primer extension as described in
Experimental procedures placed the start of transcription
as indicated by the thin arrow in Fig. 2. In addition, there
are sequences {underlined} in this region which are similar
to the presumed RNA polymerase binding sites for other
spore coat genes {Zheng et a/., 1987, Abstract of the
Fourth International Conference on Genetics and Biotechnology of Bacilli} but the closest potential ribosome
binding site is 25-27 nucleotides from the ATG codon.
Since the optimum spacing is about nine nucleotides
(Stormo, 1986}, secondary structure is probably important
for translation of this mANA. Data presented below are
consistent with the presence of one or more precursors of
the 7.8kD spore coat protein and thus the translation of
the larger OAF.
The amino acid composition of the 7.8kD processed
product is very similar to that of the Na2 S04 precipitate
from spore coats and is virtually identical to that of peak D
(Table 1}. This polypeptide is very unusual because of the
absence of thirteen amino acids and the very high content
of glycine, tyrosine and proline. There are several repeats
of pro-tyr-tyr-tyr-pro or pro-tyr-tyr-pro as well as pro-arg
(or pro-arg-pro-arg} and all of the eleven gly residues
interspersed with tyr are confined to the carboxyl end.
A single transcript found only in late sporulating cultures
hybridized to the 1.2 kb Hind Ill fragment {Fig. 3}. The
extrapolated size based on ribosomal RNAs and the gluta5
mine synthetase transcript was approximately 10 Daltons.
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Mappmg of the cotT gene
The colT gene was mapped by integration into the 8 .
subttlis chromosom e via plasmid pDE 194 and selection
for CmR. The CmR marker was mapped by transduction
employtng the strains of Dedonder et a/. (1977) and by
transformat ion using the s train s listed in Experimental
procedures (Table 2). The gene mapped to the metA, C. 0
reg1on of the chromosom e but the extent of cotransformatlon w1 th metA was only 9%. This location is distinct
from otl'ler spore coat genes mapped to date (Donovan et
a/.. 1987). each o f which has its unique site (Fig. 4).

Posstble precursor antigens: overproduc tion and
processmg
In extracts o f late sp orulating cells. a possible precursor as
well as the 7.8 kD coat antigen were detected (Fig. 5). The
larger an tigen was abou t 13 kD in size (based on RNase
and cytochrome c s tandards). the size expected from the
OAF (Fig . 2). Cells containing multiple copies of pT5A
produced much larger quantities of the 13 kD antigen as
well as a somewhat smaller 'precursor' . Spore extracts

Fig. 2. Nucleolide sequence of 759 bases of the
t .2 kb Hmdlll fragment and the ammo ac1d
sequence of the open readmg frame (OAF). The
stan site of transcnpt1on based on S 1 nuclease
mapping is Indicated by a thm arrow. Possible
b1nd1ng S1tes lor RNA polymerase based on
comparable sequences in other spore coat genes
are underlined. A th tck arrow tndicates the start of
the sequenced spore coat protetn and tnvened
arrows designate a potential 1erm1natton loop .
The sequence used for prepanng an
oligonucleotide for S ! -nuclease mapprng is
1ndicated by a broken overllne. The lccat1on of
the Hhal s1te 1S also marked. These sequence
dala wtll appear 1n the EMBLJGenBan k/OOBJ
Nucleotide Sequence Databases under the
access1on number X13740.

0
Table 1. Am1no ac1d composttion o f spore coat protetn (m ol. 'oJ.

Cloned gene

Coat extract'
Ala
Arg
Asn
Asp
Cys
G:n
Glu
Gly
HtS

He
Leu
Lys
Mel
P~e

Pro
Ser
Thr
Trp
Tyr
Val

Total OAF

Carboxyl
portton°

PeaK 0 '

0.96
13.00
1.25

0.9
8.3
3.7

0.0
10.0
0.0

0.0
10.0
0.0

0.01
2.18

0.0
2.8
3.7
11 . 1
0.9
2.8
3.7
2.8
1.9
4.6
20.4
1.9
1.9
0.9
22.2
2.8

0.0
1.8
0.0
t 7.8
0 .0
0.0
0.0
0.0
0.0
5.0
30.0
0.0
0.0
1.8
35.0
0.0

0.0
2.0
0.0
17.0
0.0
0.0
0.0
0.0
0.0
5.0
29.0
0.0
0.0
2.0
35.0
0.0

19.1 t
0.18
O.J5
0.89
0.52
O.ot
6.00
24 .20
0.99
0.38
32.20
0.57

a. From Goldman and Tipper (1978).
b. Start based on protein sequencing (see Fig. 2).
c. See Fig. 1.
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Fig. 3. Northern blot (Thomas. 1980) of RNA prepared from B. subtilis
JH642 during exponential growth (lane 1), when most of the cells had
formed phase-white endospores (lane 2), and 1.5h later (lane 3).
Hybridization with nick-translated 1.2kb Hindi!! fragment (first three
lanes) or with an internal fragment from the glutamine synthetase
structural gene. E 11 (Strauch et al.. 1988) to RNA from exponential cells
(lane 4). Marks to the right of lane 4 indicate positions of rRNAs.

contained large amounts of the 7.8k0 antigen and surprisingly, the two 'precursor' antigens were present on
spores from the strain containing multiple copies of pT5A.

These larger antigens were not removed by extenstve
washing of the spores (repeating the protocol in Experimental procedures) and resulted in spores which
responded slowly (3-5 times) to the germinants L-alanine
plus adenosine or Penassay broth (unpublished results).
Pretreatment of the antibody with HPLC purified spore
coat protein (peak 0 in Fig. 1) coupled to Sepharose 48
resulted in no reaction with all three antigenic species (Fig.
6, 1ane 8).
It is known that a particular germination mutant, GerE
(Moir, 1981) has pleiotropic alterations of the spore coat,
including the absence of this 7.8k0 spore coat protein
(Jenkinson and Lord, 1983; Feng and Aronson, 1986). The
cloned gene on plasmid pT5A was introduced into a gerE
strain, AA9-1, but the spores still germinated slowly and
were lysozyme-sensitive. Surprisingly, the gerE strain
overproduced cotT precursor antigen even without extra
gene copies (Fig. 6). Despite the excess precursor, there
was less 7.8 kD antigen in cell or spore extracts of the gerE
strain than in the wild type.
On the basis of the cotTORF, the arg-gln sequence is
the apparent site of cleavage for producing the 7.8k0
spore coat protein (see the thick arrow in Fig. 2). This
·peptide bond should be susceptible to trypsin , so cell and
spore extracts were dialysed against 0.02 M Tris-HCI, pH
8.0 and incubated with trypsin (Worthington, TRL-3 at
1:50). There was a decrease in the presumed precursor
antigens and an increase in one of 7.8 k0 (Fig. 7). Neither
the quantitation of the conversion nor the characterization
of the product has been carried out.
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Fig. 4. Approxima te location of spore coat genes
(co!A-0, cot]) on the B. subtilis chromosome
(Piggot and Hoch. 1985). Location of co!A-0
from Donovan eta/. (1987); for cotT, the data in
Table 2 were used.

Table 2. l .lar:;c. ''!

Slra•n'

GenoJyoe

lAS

glyB :J3
m etCJ
argC.J
me/01
meiA29
argCJ
proAB

1A39
1A84
1A125
1A652

ar· d Arcr sl..)r"'

· ... ~ · ·:- ~~ .. ~

'·>Cont'an'Sauc uon
0
51
65
54
96
82
39

% Conuansformat•on
9 .2
1.0

meiA29
argC<J

1A125

a. Strain des•gnatlons are from the Bac111us Genet1c StocK Center. There
was no cotransductiOn w•th the followmg marKers: cysA 14. purA26.
glyB133. 1/vA 1. pyr01. thyA.B. g/IA-292. aro0120. lys-1 . thr5. h1sA. aro· 1.
met B. cysC. purB.

Discussion

cotT is unique among the spore coat genes which have
been analysed (Donovan et at., 1987; Sandman et at.,
1988) in its amino acid composition and the apparent
presence of one or more precursors. There is some
evidence for cotT antigen in the insoluble fraction (Feng

2

3

4

5

•

a
b

Fig. 5. lmmt.rob •OI of ex 1rac1s from a late spor ulaung culture !greater
!t>a n 60°, w1 1~ Ol"ase·br•ghl endospores) or washed spores o f B. subt1lls
JH6J2. conta1011"9 Ire c1omng .,en1cle pHP13 (lanes 1 and 4). cells or
spores con1a1mng pTSA ,Jares 2 and 5) or washed spores of B. subll/1s
JH6J2 Iiane 3). The •mmunoblot was treated w1lh rabbit ant•body to the
Na2SO, prec1p1tate from a spore coat extract plus ant..rabblt alkaline
phosphatase conJugate. as d escnbed m Expenmenta1 procedures .
B ands labelled (a) and (b) refer to potentral precu rsors: bana (C) IS the
7.8KD spore coat prote1n.

19ao, at:rPd r:; s

:-- ::--- ,.:: · :,,,-.. ·:. · : : ,,~ "' ···: ..

1sopept1de cross-linked rr.onurrer s. -:-~ '" .:;•, ':•fie · -=J~.:i ! ; Ji
the carboxyl term rnus may be 1nd1cat1ve of rnult1p1e ::ha;r
1nteract1ons. as found 1n Silk f1bro1n or col lagen. and the
presence of multiple peaks m HPLC (F•g. 1) •S suggestive
of other alterat1ons such as. for example. components
binding to th1s polypeptide or secondary modifications hke
those found in collagens (Eyre. 1980).
The evidence for precursors is based on the presence of
an OAF encoding a polypeptide larger than the one
isolated from spore coats, the presence of larger antigens
in extracts from cells and spores. the accumulation of
these larger antigens in extracts of the GerE mutant. and
preliminary evidence for the conversion by trypsm of these
larger antigens to one of 7.8kD. In fact. the association of
these potential precursors with repeatedly washed spores
(roughly the same quantity as extracted from unwashed
spores) implies that processing may occur on the spore
surface. The 1nability of the GerE mutant to process the
precursor may mean that proper coat assembly 1s
required . The gerE locus appears to encode a DNA-bmding protein (Holland et at.. 1987) and at least one other coat
protem is overproduced in a gerE strain (Sandman et a/..
1988). It therefore appears to be a negat1ve regulator of at
least two spore coat genes. so overproduction of two or
more coat proteins may result m altered assembly and
hence the extensive pleiotropic defects •n the spore coat
of the gerE mutant (Jenkinson and Lord. 1983: Feng and
Aronson. 1986).
It is also poss1ble that one or both of the presumot1ve
precursors per se IS an integral part of the spore coat.
although excess precursor accumulation on the spores
led to altered germinallon rates . Extracts o f wild-type
spores contamed little. 1f any. precursor (F1gs 5 and 6) so 1f
they were present. the insoluble fract1on would be the
most likely place.
All six of the cloned spore coat genes map at un1que
sites (Fig. 4) but they appear to share common upstream
sequences for the binding of a umque form of RNA
polymerase and perhaps for other regulatory factors such
as the gerE protein. They are all transcnbed !ate .n
sporulation. coincident with the appearance of the spore
coat on the endospore. 1.e. stage V of sporulatton. so the
apparent coordinate regulatiOn 1s probably partly the
result of these upstream sequences. The genes for :he
spore ac1d-soluble proteins are also unlinked but are
coordinately regulated (Connors et at.. 1986).
Several of the spore coat prote1ns appear to be dispen sable at least on the basis of the cnten.a used (i.e. heat and
lysozyme res1stance and germination rate of the spores)
with the exception of cotD (Donovan et at.. 1987). Disruption of a more recently characterized locus. cotE. did resu lt
in extens1ve alterations of the structure of the spore coat
(Sandman et al.. 1988). Whether or not al terations in cotT
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A mtxed ohgonucleottde was labelled by tncubatton wtth
1982) and
used as a probe to screen eight pools of plasmtds contatntng
partial Sau3A digests of B. subtilis DNA (Hasnain and Thomas,
1986). The one reactive pool was then transformed into E. coli
HB101 and colonies on filters screened with the probe. Simultaneously, B. subtilis JH642 DNA digested with vartous restriction
enzymes was resolved on a 0.8% agarose gel and Southern blots
prepared. A region of c. 1 kb fro m a Hindlll digest reacting with the
probe was electroeluted from an agarose gel and , following
phenol extraction and precipitation with two volumes of ethanol.
was cloned into the Hindlll-digested shuttle vector, pLP1201
(Ostroff and Pene. 1984). Following transformation of E. coli
H8101 and plating on L-agar plus 20~g ml · ' ampicillin. colonies
were screened for tetracycline sensitivity. About 500 colonies
were streaked onto M illipore HA filters (0 .45~) on L-agar plus
ampicillin (20~g ml - 1 ), lysed and screened with the probe. Both
screenings yielded an identical 1.2kb Hindlll insert which was
sequenced in both strands by the dideoxy procedure (Sanger et
at., 1977) after cloning into m13mp18 and m13mp19 and then
deleting with exonuclease Ill (Henikoff. 1984). Sequences of
certain regions were also confirmed by p rimer extension of
synthetic deoxyoligonucleotides.
Since no B. subtilis transformants were obtained with the
pLP1201 clone, the 1.2kb Hindlll fragment was cloned into
another shuttle vector. pHP13 (Haima et at., 1987). The clone
containing the Hindlll fragment in pHP13 is designated pT5A.

·d3 2 P]-ATP and p olynucleottde kinase (Mantatts et at..

Fig. 6. lmmunoblol of extracts (lanes 1-4) of spOf\Jiating cells (as in Fig.
5) or washed spores (lanes 5-7) treated as described in the legend to
Fig. 5. Lanes 1 and 5: extract or spores of B . subtilis JH642/pHP13:
lanes 2 and 6: extract or spores of B. subtilis JH642/pT5A: lanes 3 and
7: extract or spores of B. subtilis M9-11pHP13; lane 4: extract of B .
sub litis M9-11pT5A: lane 8: as in lane 2 but treated with antibody
preadsorbed with purified 7.8k0 protein bound to sepharose. Bands
labelled (a) and (b) represent potential precursor antigens: band (c)
represents the 7.8 kO spore coat protein.

result in phenotypic changes in spores remains to be
determined.

Mapping
Experimental procedures

Bacterial strains
The wild-type strain was B. subtilis JH642 (trp, phe), obtained
from Dr J. Hoch. Strain AA9·1 (gerE, leu) was described by Feng
and Aronson (1986). A series of strains for mapping (Dedonder et
at.. 1977) and designated 1A3·1 A 10, was obtained from the
Bacillus Genetic Stock Center. Strains 1A39 (argC4), 1A55 (aro/,
metBS), 1A79 (cysCI), 1A84 (glyB133, melD), 1A25 (metA29,
argC4), 1A 156 (purB) and 1A652 (proAB) were obtained from the
same source.

The 1.2 kb Hind Ill fragment was isolated as described above and
cloned into pDE194 (Ebbole and Zalkin, 1987), an integration
vehicle which replicates in E. coli (ampicillin resistance) but not in
B. subtilis (expresses chloramphenicol resistance. CmR. when
integrated). Transformants (Anagnostopoulos and Spizizen.
1961) of B. subtilis JH642 were selected on NSM p lus 5 11 g ml - '
chloramphenicol. The CmR marker was then mapped by PBS 1
transduction (Hoch eta/., 1967) employing the strains previously

2
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3

4

+

6

5

..

+

Isolation of a spore coat protein
Spores of B. subtilis JH642 were prepared from cells grown in a
nutrient sporulation medium (NSM; Schaeffer et al., 1963). Spore
purification . preparation of coats and extraction were as previously described (Pandey and Aronson, 1979). One of the soluble
spore coat proteins was salted out with Na2 SO. (Goldman and
Tipper. 1978), washed 4-5 times with distilled water, and
lyophilized. The material was dissolved in 20% n-propanol-0.1%
trifluoroacetic acid (TFA) and fractionated by HPLC on a 4.6 x
250mm reverse phase RP-P (SynChrom Inc.) column employing
a linear gradient of 2(}-1 00% n-propanol-0.1 % TFA in a Waters
system. The effluent was monitored at 230nm and peak fractions
collected manually and then lyophilized. Amino acid sequencing
was done on a Model420 gas phase sequenator and deoxyoligonucleotides were synthesized in an Applied Biosystems Model
380A DNA synthesizer.

~.-..

....
--------.......-.
Fig. 7. lmmunobtot (as in Fig. 5) of extracts of sporulating cells of B.
subtilis JH642/pT5A (lanes 1 and 2) and washed spores of B. subtitis
JH6421pT5A (lanes 5 and 6) or of B. subtitis JH642/pHP13 (lanes 3 and
4). Extracts (50 1'-9 of protein) were dtalysed for 12 h at 4•c versus 11of
0.01 M Tris. pH 8.0 and then incubated at 37'C for 1h wtth (+)or without
(-) 1,_.g of trypsin. Bands are labelled (a). (b) and (c), as tn Figs 5 and 6.

..

.:::

stec dr"~ sl,..c:)r:.:L.crt . :: • . ,3:~ 5 · :..-r· :: ..... r •n ovtr- ;.; 1st:s 3~ · t? '.: ·
t1on was ·ar Cr'' ' J " \i$1-.1 .1ga• o1ates Vanous orowtro on1c
rl<:Jrkers were the11 scoreo on a m1n1mal glucose med11..r.1 1SP1·
z1zen . 19531 app ropr1ately supplemented 1n order to determ1ne
linkage.

RNA fractionation and S 1 mappmg
Tolal RNA was p repared from cells grown 1n NSM to various
stages of sporulation (approximated by the appearance of cells 1n
I he phase m1croscope. 1.e. by the percentage of dull. phase-wh1te
or bnght endospores). 100ml portions were harvested by centrifugation at 8000 rpm for 8 min in a Sorvall GSA rotor. The cells
were washed twice by suspension in 20ml each of O.OSM Na
acetate-0.1 M NaCI-1 mM EDTA. pH 5.5. A final suspension in 2ml
of this buffer was supplemented with sod1um dodecyl sulphate
(SDS) to 1%. After pouring of the suspension mto a French
pressure c ell, 0.7ml of a purified bentonite suspens1on (FraenkeiConrat et al.. 1961 ) at 32mg ml ' was added. The cells were
extruded at 9000 ps1 directly into an equal volume of phenol
saturated w1th 0.03 M Tris. pH 7.6. Follow1ng extraction. the
aqueous phase was precipitated with two volumes of ethanol and
some DNA was removed by winding onto a stenle glass rod. After
Incubation at - 20·C for 20 min. the prec1p1tate was collected and
dissolved in 1 ml 0.01 M Tris-2mM MgCI. pH 7.6. and ribo·
1
nuclease-free deoxynbonuclease I (BRL) was added to 5 fl9 ml •
Follow1ng incubation at 37' C for 40 min. the phenol extraction
was repeated twice and the RNA collected by ethanol precipitation (after addition of Na acetate to 0.3 M). The final precipitate
was dried, dissolved in distilled water and the concentration
determined by measuring the adsorption at 260, 280 and 320nm.
Port1ons were frozen in stenle tubes at - 70' C.
The RNA was fractiOnated tor Northern blots as described by
Thomas (1980) . S 1 nuclease mapping (Burke. 1984) was done by
labelling either an 898bp Hmdiii-Hhal fragment o f the insert w1th
oolynucleot1de k1nase plus y-[P 3 2j-ATP or by oligonucleotide
pnmer extenSIOn (dashed overlined region. GATGCTTAA·
GTTGGGTGTATG 1n Fig. 21 employing the 1.2 kb H ind Ill fragment
as template. Klenow fragment and n·(P32 ]-dCTP (Maniatis et at..
19821.

lmmunob/ottmg
Fer .mmunoblo!tlng (Towb1n et at.. 1979) extracts of cells grown 1n
~jSM (plus or m 1n1..s StJ.g ml · chloramphenicol) were prepared by
certnfug1r g 1o-30 ml portions 1n a Sorvall SS-34 rotor at 8000
rom fer 10 m 1n . The pellets were washed once in 5ml 0.03M Tns.
oH 7 5. suspended 1n 50tJ.I Tris plus 40 tJ.g lysozyme. and
nc1..oa:ed at 37"C for 10 m1n. After addition of SDS to 1.0% . and
ohefly· "'ethyl sulfonyl fluonde (PMSF) to 5mM. the suspens1ons
were ;Jiaced 1n a 001ling water bath for 3 mm. The tubes were
cooled. centnf1..ged 1n an Eppendorf for 5 min and the supernatants collected. The pellets were suspended 1n 30 tJ.I UDS
!Sastry et at.. 1983) plus 5 mM PMSF and incubated at 37 'C for 30
mm. Following centnfugat1on 1n an Eppendorf for 7-8 min. the
supernatants were pooled and port1ons removed for Falin prote1n
determinations. Equal quantities of protein 1n the extracts were
fractionated on 20% SDS-PAGE. After transfer to nitrocellulose.
treatment was w1th rabbit antibody to the Na2SO. precipitate of a

_.. ·
;Ctj r~: : :...H --:, :" ~ :: ;: ...s Jr: ·"aoo ~ 3 .K a 11 r.~ ~ ... .. sor r -:s~ : :r _
gat-: P"Jn'·::gal. C-:Jnro1 treatments .nciLcec orry. rr.r· f~ ,.;~1..rr
ana arlibooy absorbec ·.·11th the HPLC punf1ec protelfl ccniL. gated to cyanogen bro m1de act1vated Sepharose <1 8 !S1grna1 .
Spores were harvested after 24-36h 1ncubat10n by centn·
fugat1on 1n a Sorvall SS34 rotor at 12000 ' g for 10 m1n. They
were washed w1th 10ml port1ons of 1M KCI and distilled water
(tw1ce). suspended 1n 10ml 0.03M Tris-HCI. pH 7.6 plus 50 tJ.g
ml 1 lysozyme. and 1ncubated at 37' C for 1h. They were then
washed w1th 1M KCI. diStilled water. 0.05% SDS. and aga1n w1th
d1St1lled water (three times). Intact spores were counted in a
Petroff-Hauser chamber and !hen extracted as descnbed by
Donovan et at. (1987).
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I.

INTRODUCTION

The proteinaceous coni of Bacillus spores is believed to be
important in both resistance to adverse crl\'ironmcnlal conditions and
in !he ability lo respond lo gcnninanls (Aronson and Filz-James, 1976;
Oion and Mandelslam, 1980). The composition of this slrnclure
differs considerably among members of !he genus. In Bacillus subti/is
il consists of a group of 10-20 exlraclable polypeptides which may vary
in size from 7 kd to 65 kd (Goldman and Tipper, 1978; Pandey and
Aronson, 1979; Jenkinson eta/., 1981), plus an insoluble proteinaceous
fraclion which may comprise up to 30% of Ihe total spore coal prokin
(Pandey and Aronson, 1979). In contrast, the spore coals of some
other members of the genus such as Bacillus cereus and Bacillus
megate1ium contain ouly a few nwjor low molecular weight species
(Aronson and Fitz-James, 1976; Stewart and Ellar, 1982).
The reason for the heterogeneity of the B. subtilis spore coal
polypeptides and the mechanism by which they arc assembled into the
finished structure are unknown. As a preliminary step in the
elucidation of their functions, individual spore coat genes h:we bc-<>n
cloned and analyzed (Donovan et a/., 1987; Zheng et a/., 198R;
Aronson et a/., 1989). Many of the polypeptides are small, with
UIHISUa) COJl1(lOSitiollS which rrequenlfy include regions or repeating
amino acid sequences. So rnr, only the absence or the CotE protein
(among the 5-6 deleted) has resulted in exlensil'e alteration of !he coal
structure (Zhcng et a/., 1988).
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CotT is of interest because it is a prevalent low molecular
weight spore coat polypeptide which may also be a co?tponent of the
coat insoluble fraction (Feng and Aronson, 1986). It IS also the only
coat protein identified which is processed from a precursor (Aronson
el aL, 1989).
The transcription and translation of the colT gene have been
further investigated and are described here. In additi~n the effects of
extra copies and deletions of this gene and one encodmg another low
molecular weight protein, CotD (Donovan el aL, 1987), .o!' spore coat
structure, resistance properties of the spore and the ?b1hty of spores
to respond to a variety of germinants have been exammed. There are
effects of overexpression on spore germination and. a specific
germination defect due to the absence of the CotT protem.

II. TRANSCRIPTION AND TRANSLATION OF THE colT GENE
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The sequence of the complete open r~a~ing framo; of the colT
is
gene shown in Fig. l. The original transcnpllo.n start sole (Aronso!'
el a/., 1989) as indicated by S1 nuclease mapp.ong (Burk~, _1984) IS
shown by the thin arrow at nt 593. A second major transcnpllon start
site was established by reverse transcriptase mapping (Wu el a/., 1989)
and is shown by the large open arrow at nt 505. Possible sites for !he
binding of RNA polymerase are represented by the broken overhne
while the putative ribosome binding site is underlined. The leu
residue shown in bold face is the predicted translation start site. The
large solid arrow represents the beginning of the sequenced CotT
protein extracted from spores (i.e. Nll 2 Gln-Pro-Tyr, etc.).
Evidence to support translation initiation at the leu residue was
provided by studies with strain B. subtilis 642/T5A (Aronson el aL,
1989) which carries the colT gene on the low copy number vector
pHP13 (Haima el a/., 1987). There were two presumptiv~ precursors
present in immunoblots of extracts from late sporul~llng cultures
(Aronson el a/. 1989) and in spore coat extracts (unpublished results).
The larger w~s electroblotted onto a polyvinyl!dene diOuouri~e
membrane (Matsudaira, 1987), exc.ised and subjected t.o protem
sequencing. The amino terminal regwn matched that pred1cted ~rom
the colT DNA sequence starting at the TTG enc.oded leu resodu~.
The predicted size of this precursor is 10.1 kd, but 1ts o;lectrophore!IC
mobility is similar to that of lysozyme (14.4 kd) possobly due to 1ts
unusual amino acid composition.
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Figure 1. Nucleotide sequence of the open reading frame of the colT gene a<> modified
from Aronson et al. (1989). See text for details.

Further evidence that the precursor is processed at the arg-gln
site (shown by the thick arrow in Fig. 1) to produce the 7.8 kd mature
spore coat protein was provided by site-directed mutagenesis (Kunkel,
1985) of R191. The altered gene was integrated into the chromosome
of B. subtilis 642 creating a partial diploid (B. subtilis 642/PD633) with
one wild-type and one altered gene copy. The large CotT precursor
accumulated as determined by immunoblots and SDS/PAGE of
stained gels of spore extracts (unpublished results). This accumulation
of precursor was not found in a strain containing two wild-type colT
genes (see Section IV).
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III. CONSTRUCTION AND PROPERTIES OF colT DELETIONS
TheA/u1-Rsa1 fragment (nt 280-493) shown in Fig. 1 was cloned
into the integrative vector pDE194 (Ebole and Zalkin, 1987) and
introduced into B. sublilis 642 by transformation. Recombination
within this cloned region and the chromosomal colT gene resulted in
integration of the vector into the chromosome and production of two
incomplete gene copies (Fig. 2). The first of these contains the
promoter region (A) and part of the protein coding region, but lacks
the carboxyl portion of the protein (B). The second copy, although
intact, lacks the promoter region (A). This construct (NB200) was
confirmed by Southern hybridization (Southern, 1975) and there was
no detectable ColT protein in SDS/PAGE of spore coat extracts, nor
in immunoblots of extracts from spores or late spornlating cells
(unpublished results). Electron micrographs of spore sections of strain
NB200 differed from the wild-type in that the outer spore coat was
less electron-dense than the comparable layer from wild-type spores
(P. C. Fitz-James, personal communication). Despite these differences,
NI3200 spores were as resistant to heat, lysozyme and octanol as wildtype spores. Similarly their response to the germinants L-alanine (plus
1 mM inosine) at a variety of concentrations between 0.1 mM and
10 mM and to Penassay broth were the same as the wild-type. NB200
spores responded slowly, however, to a germination mixture consisting
of 0.1 M KCI, 5.6 mM glucose, 5.6 mM fructose and 3.3 mM
L-asparagine (Wax and Freese, 1968; Fig. 3). There was no change
in the germination of NI3200 or the wild-type spores by lowering the
glucose or fructose concentration tenfold.
Another colT deletion was constructed by integration of the
263 bp Rsal gene fragment (nt 280-543 in Fig. 1) as in Fig. 2. The
resulting strain (NB2) contained one complete copy of colT including
the presumptive promoter but little if any ColT protein was found in
spore coat extracts, or in extracts from sporulating cells. Perhaps the
intact gene copy lacks upstream regions important for colT
transcription. As anticipated, the germination of NB2 spores like
those of NI3200 was slower than the wild-type but only in the glucose,
fructose and L-asparagine mixture.

Figure 2. Construction of the colT delelion strain NB200 by integration into 11 1

~~~omosomal gene copy of a vector containing an internal colT A itt t-Rsa 1 fragmen te
1s the promoter. region and B is the portion of the gene encoding the carboxyl emi
or t11e CotT protem.
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D.subtilis 642/ piiP D
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B.subtilis 6.12
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?·

Germination of B. srtbtilis 642 and NB200 spores in 0.05 rvt Tris pH 7 6
Figur~
cont~nmg 0.1 ~ KCI and 5.6 mM glucose, 5.6 mM fructose and 3.3 mM L-ac;.pamgir;e

at 37 C both Without (A) and with (D) heat activation at 80.,C for 20 min.
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IV. OVERPRODUCTION OF CotT
Spores of B. subtilis 642/TSA in which the colT gene is present
on the vector pHP13 at 5-6 copies per genome responded slowly to
L-alanine plus inosine (Fig. 4A), the glucose, fructose and
L-asparagine mixture (Fig. 4B) as well as Penassay broth (as in
Fig. 4A) even when heat activated prior to germination. As previously
described (Aronson el a/., 1989), extra ColT precursor proteins can
be extracted from these spores and they appear to have a thickened
inner spore coat (P. C. Fitz-James, personal communication), so
altered spore coat structure and composition could account for the
germination defect.
B. subtilis 642/PD1 was constructed by integration of the entire
wild-type colT gene into the chromosom e resulting in a strain with
two functional chromosomal gene copies (confirmed by Southern
hybridization and increased colT mRNA content). Spores of this
strain germinated as well as the wild-type in response to all of the
germinants tested and there was no excessive accumulation of ColT
precursors in immunoblots or in SDS/PAGE of protein extracts from
purified spore coats (unpublished results). Apparently, more than two
gene copies are needed for the excessive accumulation of CotT protein
in the spore coat with the resulting germination defect.

A

B
B..subl.ili; 642{f5A

B..sublilis 6U{r5A

•

B..sublilis(>.l2

Time (minutes)
Figur~ ~· Germination of B. subtilis 642 and B. subtilis 642/T5A in 0.05 ~-~ Tris pH 7.6
contammg 0.1 M KCI and (A) 1 mM inosine plus I mM L-alanine, or, (B) 5.6 111M
gl~cose, 5.6 m~1 fructose and 3.3 mM L-ao;paragine. Spores were heat activated at
80 C for 20 nun.

B
V. STUDIES WITH colD MUTANTS
The clone of colD and a deletion strain (BZ109; Donovan
el a/., 1987) were generously provided by B. Zheng and R. Losick.
When the intact gene was transferred to the vector pHP13 and
transformed into B. subtilis 642, there was an increased amount of
protein of the size of ColD in SDS/PAGE of spore extracts
(unpublished results). Germination of this overproducing strain was
slower than the wild-type in L-alanine plus inosine (Fig. 5A), the
glucose, fructose and L-asparagine mixture (Fig. 5B) and Penassay
broth (as in Fig. 5A) with or without heat activation but in no case
was the impairment as great as for the ColT-overproducing strain
(Fig. 4). Strain BZ109 was constructed by the insertional inactivation
of the colD gene (Donovan el a/., 1987) but in contrast to the colT
deletion (Fig. 3) there was no discernible effect on germination.

Time (minutes)
F~gure

5. Germination of B. subtilis 642 ami B. subtilis 642/pHP D spores as in
F1gures 4A and 48, but without heat activation.
.
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VI. SUMMARY

A major transcription initiation site for the colT gene has been
determined. The predicted translation product has an N-terminalleu
and a molecular weight of 10.1 kd, whereas the mature spore coat
protein is 7.8 kd. Processing is at the arg-gln bond and an R191
mutation resulted in accumulation of CotT precursor protein indicating
that a trypsin-like protease may be involved. There was no effect on
spore properties or germination in the colT heterozygote but the effect
of this recessive mutation by itself must be determined.
The amino acid sequence of the amino terminal portion of the
larger ColT precursor protein is in agreement with the predicted
amino acid sequence from the colT gene. In addition to the 10.1 kd
precursor there may be a second, somewhat smaller precursor in
sporulating cells and in spore coats of the strain which over produces
ColT protein.
Deletion of the colT gene resulted in a thinning of the outer
spore coat and an impaired germination response, but only to a

mixture containing glucose, fructose and L-asparagine. Altering the
concentration of glucose or fructose did not afrect the germination rate

implying that the ColT protein is not directly involved. This protein
is probably not a receptor for specilic germinants but more likely, its
function in spore coat structure is important for the accessibility of this
particular germination mixture to its site of action.

Another cot1' deletion strain lacked only a region upstream of
the pronioter but there was no ColT antigen synthesis implying that
a transcriptional regulatory region is within the deleted portion.
Germination of a colT diploid strain did not differ from the
wild-type in any system tested. Overexpression of the gene on a low
copy number vector at 5-6 copies per genome however, resulted in
spores which were slow to respond to all germinants. This inhibition
probably results from the deposition of excess ColT precursor, perhaps
in the inner spore coat as is suggested by electronmicrographs. The
correct stoichiometry of coat proteins is probably important for normal
coat assembly and thus germination.

Response of a mutant lacking another coat protein (ColD) was
indistinguishable from the wild-type for all germinants tested. Excess
synthesis of this protein resulted in slower germination than the wildtype but not to the same extent as was caused by ColT protein
production.
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