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A. Statcment 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 particular B. subtilis spore coat proteins.

B. Summary

1. 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 (lanes 1-4)

and from B. subtilis JH642 (lane 5). Arrow ] indicates
precursor CotT antigen present in extracts 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

El' 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 S; 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.




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 irosine) 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 coat 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; 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

Lo




germination for all three germinants but not as marked an effect as
overproduction of the CotT 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 overpro..uction of the CotE protein when cloned on a
low copy number vector but no noticeable effect on germination nor change in
the lysozyme-sensitivity of the spores. Apparently, extensive overproductiun
of this protein inhibits sporulation (B. Zheng and K. 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 strain.

CotE antigen appeared early in sporulation (Stage II-I1I)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

centrifugation at 20,000 xg for 10 min. Lanes 2 and 4
contain 6M urea--17 SDS pH 9.5 extracts of the insoluble
tractions. Arrow on left indicates a broad band of CotT

antigen of ca. 12kD. Note also smaller reacting antigen

in the soluble fraction of all cells (even during

exponential growth and in a spoOB mutant).

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

which may be a degradation product. Sharp reacting band of

higher molecular weight in lanes 1 and 4 is present usually

low or high (0.5M KCL) ionic strength buffer, with 17 Triton X-100, Brij

n-octyl-glucoside. Either SDS or 8M urea was needed for solubilization.

acids in the middle of the protein to an acidic cytokeratin intermediate

filament protein from bovine bladder urothelium. There are 17 identical

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

35 or

A data bank search revealed some homology over a stretch of ca. 65 amino

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
formztion. 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),

Percent of Initial A550
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e cotEdeleton < pHPI3/E *PY17

Fig. 3. 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 Agsgg
value of 1.0, and heat activated at 80°C for 20 min.

Germination was in 0.05M Tris-0.1M KCL, pH 7.6 plus lmM each

of L-alanine and inosine.




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 10mM) 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. 807 decrease versus about 50-607 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).




Fig. 4. Immunoblot with CotT antibody of spore extracts
from the wild type strein PY17 (lane 1) and the CotE
deletion strain (lane 2). The processed CotT antigen is
prevalent in the wild type (arrow 3) whereas the precursor
forms of CotT (arrows 1 and 2) are present in cpores 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 strair 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. 20-307 of the protein remaining after extensive
extraction of purified spore coats) was digested with formic acid and the
peptides were resolved on HPLC. One pure peptide was sequenced and mixed
probes prepared. Southern transfers of restriction enzyme digests of B.
subtilis JH642 DNA were hybridized with these probes. Some HindI1lIl 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. l. 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 8kD Bacillus subtilis spore
coat polypeptide has been cloned and sequenced. It
contains high percentages of proline, glycine and
tyrosine, lacks thirteen amino acids, and is present as
the carboxyl two-thirds of an open reading frame
encoding a 12kD polypeptide. Two presumptive pre-
cursors which could be converted to the 8kD 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 germination-defective
mutant which is altered in spore coat structure. There
was little 8kD coat protein in the mutant, however,
implying that processing is dependent on proper coat
assembly. This gene was mapped to the metA region
of the B. subtilis chromosome, a unique location as is
true for other spore coat genes. Transcription and
translation occurred late in sporulation (stage V) and
the upstream region contained sequences similar to
those found in other spore coat genes.

Introduction

The proteinaceous coat layers of the bacterial spore
(exclusive of the exosporium) are believed to have a
protective function and to play some role in germination
(Aronson and Fitz-James, 1976; Kutima and Foegeding,
1987). A cryptic cortex Iytic enzyme (Brown et al., 1982,
Foster and Johnstone, 1987) or proteases involved in the
activation of this enzyme (Boschwitz et al., 1985) may be
associated with 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 al., 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

Received 21 August, 1988. “For correspondence.

and Ellar, 1982), and perhaps clostridia (Tsuzuki and
Ando, 1985) to a rather heterogeneous group of polypep-
tides in B. subtilis (Goldman and Tipper 1978; Pandey and
Aronson, 1979; Jenkinson et al., 1981). 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 Fitz-
James, 1976). In the case of B. subtilis, the extractable
proteins vary in size from about 65kD to 7kD with a
preponderance of 4-5 species of 7-12kD. In fact, some of
the larger, less prevalent proteins found in SDS-PAGE
may be contaminants or superficial components since
their presence varies with the medium used for spore
formation, with the age of the spores and perhaps with the
methods used to prepare spore coats or to extract spore
coat proteins (Jenkinson et al., 1981: Sastry et ai., 1983,
Feng and Aronson, 1986).

In addition, about 30% of the protein in B. subtilis spore
coats is not soluble under a variety of conditions and is
probably composed of cross-linked polypeptides. in part
antigenically similar to some of those found in the soluble
coat fraction (Pandey and Aronson, 1979: Feng and
Aronson, 1986). The nature of the cross-linking s not
known (Pandey and Aronson. 1979; Goldman and Tipper,
1981).

To date, efforts to isolate mutants defective in spore
coat assembly or structure in B. subtilis have notbeenvery
fruitful. There is only a single germination defective
mutant, GerE (Moir et al., 1979; Moir, 1981). altered in
spore coat structure. This gene appears to ancode a
DNA-binding protein (Holland et al., 1987) and this mutant
is pleiotropically altered in coat protein composition
(Jenkinson and Lord, 1983; Feng and Aronscn, 1986). In
addition, there are a few other less well-defined presump-
tive coat mutants (SpoVl, A, B, C) (Jenkinson, 1981: 1983:
James and Mandelstam, 1985).

The complexity of B. subtilis spore coat polypeptides
poses an interesting problem regarding assembly of a
protective structure which may be directly involved in
germination. As a start in dissecting this complex process,
several spore coat genes have been cloned and ther
regulation as well as their functicns have been examined
(Donovan et al., 1987; Sandman et al., 1988). Here we
report the cloning 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,SQy precipitate of a spore coat
extract. The precipitate was dissolved in 20% n-propanol-0.1% TFA and
loaded onto an RP-P column. Elution was performed with a linear
gradient of 20-100% n-propanol-0.1% TFA. Peaks B-D (eluting at about
40% n-propanol) were collected manually, pooled from several runs,
lyophilized and rechromatographed. Initially, peak D was sequenced in
order to prepare an oligonucieotide probe. Subsequently 20-30 residues
of purified peaks B and C were sequenced and found to be identical to
peak D.

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
0.1M Na,SO, (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; gln-pro-tyr-tyr-tyr-pro-
arg-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: CAéCCXUA%UA%UA%CC. 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
1.2kb Hindlll fragment (see below) to total B. subtilis DNA
digested with Hindlll, EcoRl 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 1.2kb Hindlll fragment was
isolated and sequenced (Fig. 2). Only 759 nucleotides are
shown, since this region includes the major open reading
frame (ORF) encoding a polypeptide of 107 amino acids
(13kD) including the sequence of peak D (the gene
encoding this ORF is designated cotT). The only other
ORFs 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 ORF (thick arrow
in Fig. 2) and would encode a polypeptide of 7.8kD. S1
nuclease mapping using either a Hindlll-Hhal end-
labelled 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 al., 1987, Abstract of the
Fourth International Conference on Genetics and Biotech-
nology of Bacill) 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 mRNA. 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 ORF.

The amino acid composition of the 7.8kD processed
praduct is very similar to that of the Na,SO, 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.

Asingle transcript found only in late sporulating cultures
hybridized to the 1.2kb Hindlll fragment (Fig. 3). The
extrapolated size based on ribosomal RNAs and the gluta-
minesynthetasetranscript was approximately 1 0°Daltons.



ipper STRAND L LIMITS 228
730 40 730 720 710 700 /30
ATCAAACCAT TTGATTCTTT TTGCCAACAA CAAAAACTCC TTCTTTCGTA GCCATTTCGA TTTACTIITC
680 670 660 650 640 630 620
ATCAGTTGGA ACTGTATCTA TTITAGAAATG TTTTTGTAAC ATTGTAGTAA CATITAITTC ACATTTGIAA
610 600 590 580 570 560 550
TACTATCAGA TTTAGAAGIT CATGTCAATC CTTTTTAAGG AATTTCATCA TAAAAAAAAC CGAATTTC
___________________ 522 492
ATG AAT GTA CAT ACA CCC AAC TTA AGC ATC AGG AAT ATG GTA AAA GGA ATA AAA AAA GCT
Met Asn Val His Thr Pro Asn Leu Ser Ile Arg Asn Met Val Lys Gly Ile Lys Lys Ala
462 432
AGG GAG GTT TTC CTC TTG GAT TAC CCT TTG AAT GAA CAG TCA TTIT CAA CAA ATT ACC CCT
Arg Glu Val Phe Leu Leu Asp Tyr Pro Leu Asn Glu Gln Ser Phe Glu Gln Ile Thr Pro
* 402 372
TAT GAT GAA AGA'CAG CCT TAT TAT TAT €CG CGT CCG AGA CCG CCA TTIT TAT CCG CCT TAT
Tyr Asp Glu Arg Gln Pro Tyr Tyr Tyr Pro Arg Pro Arg Pro Pro Phe Tyr Pro Pro Tyr
TAT TAT CCA AGA CCG TAT TAT CCG TTC %:g CCG TTT TAT CCG CGC CCG CCT TAT TAC %}é Fig 2 Nuclaolide sequanca.of 755 basesiorire
TA A
Tyr Tyr Pro Arg Pro Tyr Tyr Pro Phe Tyr Pro Phe Tyr Pro Arg Pro Pre Tyr Tyr Tyr 1.2kb Hindlll fragment and the amino acid
i Hhaf sequence of the open reading frame (ORF). The
282 252 start site of transcription based on S1 nuclease
CCG CGC CCG CGA CCG CCT TAC TAC CCT TGG TAC GGT TAC GGC GGA GGT TAT GGC GGA GGA mapping is indicated by a thin arrow. Possible
Pro Arg Pro Arg Pro Pro Tyr Tyr Pro Trp Tyr Gly Tyr Gly Gly Gly Tyr Gly Gly Cly binding sites for RNA polymerase based on
comparable s n in other
220 210 200 190 Oe Dd . deq:fh(:isx 0 edsnore cial genes1
TAT GGG GGA GCT TAC GGT TAC TAG  TCGCCACA TATCAAAATG GGGGCAGTCC AGCTGCCCAT are underiined. A thick arrow indicates the start o
Tyr Gly Gly Gly Tyr Gly Tyr End o the sequenced spore coat protein and inveried
arrows designate a potential termination loop.
180 170 160 150 140 130 120 The sequence used for prepanng an

TITTITGTTT TAAAAATGAC AATATCATGA CAAATATGGG

110 100 90 80 70

ACGATAACAA AAGCATGCAT TTTGGGGAGC GTCTATTITT

40 30 20 10

TCAAACAAAA TACATAAAAG CTTGCATGCC TGCAGGTCGA CTCTAAGGA

Mapping of the cotT gene

The cotT gene was mapped by integration into the B.
subtilis chromosome via plasmid pDE194 and selection
for Cm®. The Cm® marker was mapped by transduction
employing the strains of Dedonder et al. (1977) and by
transformation using the strains listed in Experimental
procedures (Table 2). The gene mapped to the metA, C, D
region of the chromosome but the extent of cotrans-
formation with metA was only 9%. This location is distinct
from other spore coat genes mapped to date (Donovan et
al.. 1987). each of which has its unique site (Fig. 4).

Possibie precursor antigens: overproduction and
processing

In extracts of late sporulating cells. a possible precursor as
well as the 7.8kD coat antigen were detected (Fig. 5). The
larger antigen was about 13kD in size (based on RNase
and cytochrome c¢ standards), the size expected from the
ORF (Fig. 2). Cells containing multiple copies of pT5A
produced much larger quantities of the 13kD antigen as
well as a somewhat smaller ‘precursor’. Spore extracts

AAATAATTGT GATTCTGTCC CCCTCTTIGTT

60
GCAGAATACA AGAAATTCTG CAGCCATATIC

oligonucleotide for S1-nuclease mapping is
indicated by a broken overline. The location of
the Hhal site 1s also marked. These sequence
data will appear in the EMBL/GenBank/DDBJ
Nucleotide Sequence Databases under the
accession number X13740.

50

Table 1. Amino acid composition of spore coat protein (maol. %a).

Cloned gene
Carboxy!
Coat extract? Total ORF portion® Peak D*

Ala 0.96 0.9 0.0 0.0
Arg 13.00 83 10.0 10.0
Asn 1.25 3.7 0.0 0.0
Asp

Cys 0.01 0.0 0.0 0.0
Gin 2.18 2.8 1.8 2.0
Glu 3.7 0.0 0.0
Gly 19.11 1.1 17.8 17.0
His 0.18 09 0.0 Q0
lle 0.45 28 0.0 0.0
Leu 0.89 37 0.0 0.0
Lys 0.52 2.8 0.0 0.0
Met 0.01 1.9 0.0 0.0
Phe 6.00 4.6 5.0 5.0
Pro 24.20 204 30.0 29.0
Ser 0.99 1.9 0.0 0.0
Thr 0.38 1.9 0.0 0.0
Trp - 0.9 1.8 2.0
Tyr 32.20 22.2 35.0 35.0
Val 0.57 2.8 0.0 0.0

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 8. subltilis
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 Hindlll fragment {first three
lanes) or with an internal fragment from the glutamine synthetase
structural gene, E11 (Strauch at 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 7.8kD antigen and sur-
prisingly, the two ‘precursor’ antigens were present on
spores from the strain containing multiple copies of pT5A.

%
09¢
o

TZ?O 90

These larger antigens were not removed by extensive
washing of the spores (repeating the protocol in Experi-
mental 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 D in Fig. 1) coupled to Sepharose 4B
resulted in no reaction with all three antigenic species (Fig.
6, lane 8).

It is known that a particular germination mutant, Gerk
(Mair, 1981) has pleiotropic alterations of the spore coat,
including the absence of this 7.8kD 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 cotT ORF, the arg-gin sequence is
the apparent site of cleavage for producing the 7.8kD
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 0.02M 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 7.8kD (Fig. 7). Neither
the quantitation of the conversion nor the characterization
of the product has been carried out.

Corp.
94102”

Fig. 4. Approximate location of spore coat genes
(cotA-D, cotT) on the B. subtilis chromosome
(Piggot and Hoch, 1985). Location of cotA-D
from Donovan et al. (1987). for cotT, the data in
Table 2 were used.
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Recipient

Strain® Genotyoe 25 Centransduct
1A5 giy8133 0

metC3 51
1A39 argC4 65
1A84 metD1 54
1A125 metA29 96

argC4 82
1A652 proAB 39

% Contransformation

1A125 metA29 9.2

argCd 1.0

a. Strain designations are from the Bacillus Genetic Stock Center. There
was no cotransduction with the following markers: cysAl4, purAZ26.
glyB133. ilvA1, pyrD1, thyA B, gltA-292, aroD 120, lys-1. thr5, hisA, aro-1,
metB, cysC. purB.

Discussion

cotT is unique among the spore coat genes which have
been analysed (Donovan et al., 1987; Sandman et al.,
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

Fig. 5. Immurchbiot of extracts frem a late sporulating culture (greater
than B0%5 wits onasa-bright endospores) or washed spores of B. subtilis
JHB42. containing tre cloning vehicle pHP 13 (lanes 1 and 4). cells or
spares contaiming pT3A (ares 2 and 5) or washed spores of B. subtiiis
JHB42 (lane 3). The immunobiot was treated wath rabbit antibody to the
Na>SO; precipitate from a spare coat extract plus anti-rabbit alkaline
phosphatase conjugate, as descnbed in Experimental procedures.
Bands labelled (a) and (b) refer to potential precursors: band (c) is the
7.8kD spore coat protein.

and Arorsor. 1988 pernaps ¢ ne for SF 30,725 7%
isopeptide cross-linked monomers. Tre giycine 72502ats at
the carboxyl terminus may be indicative of multipie chanr
interactions, as found in silk ficron or cellagen. and the
presence of multiple peaks in HPLC (Fig. 1) is suggestive
of other alterations such as, for example, components
binding to this polypeptide or secondary modifications like
those found in collagens (Eyre, 1980).

The evidence for precursors is based on the presence of
an ORF 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 trypsin 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 inability of the GerE mutant to process the
precursor may mean that proper coat assembly 1S
required. The gerE locus appears to encode a DNA-bind-
ing protein (Holland et al., 1987) and at least one other coat
protein is overproduced in a gerE strain (Sandman et ai.,
1988). It therefore appears to be a negative regulator of at
least two spore coat genes, so overproduction of two or
more coat proteins may result in altered assembly and
hence the extensive pleiotropic defects in the spore coat
of the gerE mutant (Jenkinson and Lord, 1983: Feng and
Aronson, 1986).

It is also possible that one or both of the presumptive
precursors per se is an integral part of the spore coat.
although excess precursor accumulation on the spores
led to altered germination rates. Extracts of wild-type
spores contained little, if any, precursor (Figs 5 and 6) so if
they were present, the insoluble fraction would be the
most likely place. '

All six of the cloned spore coat genes map at unigue
sites (Fig. 4) but they appear to share commaon upstream
sequences for the binding of a unique form of RNA
polymerase and perhaps for other regulatory factors such
as the gerE protein. They are all transcribed late n
sporulation, coincident with the appearance of the spore
coat on the endospore, i.e. stage V of sporulation, so the
apparent coordinate regulation is probably partly the
result of these upstream sequences. The genes for the
spore acid-soluble proteins are also unlinked but are
coordinately regulated (Connors et al., 1986).

Several of the spore coat proteins appear to be dispen-
sable at least on the basis of the criteria used (i.e. heatand
lysozyme resistance and germination rate of the spores)
with the exception of cotD (Donovan et al., 1987). Disrup-
tion of a more recently characterized locus, cotE, did result
in extensive alterations of the structure of the spore coat
(Sandman et al., 1988). Whether or not alterations in cotT
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Fig. 6. Immunoblot of extracts (lanes 1-4) of sporulating 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. subltilis JH642/pT5A: lanes 3 and
7: extract or spores of 8. sublilis AA9-1/pHP13; lane 4: extract of 8.
subtilis AAQ-1/pT5A; lane 8: as in lane 2 but treated with antibody
preadsarbed with purified 7.8kD protein bound to sepharose. Bands
labelled (a) and (b) represent potential precursor antigens; band (c)
represents the 7.8kD spore coat protein.

result in phenotypic changes in spores remains to be
determined.

Experimental procedures

Bacterial strains

The wild-type strain was B. subtilis JH642 (irp, 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
al., 1977) and designated 1A3-1A10, was obtained from the
Bacillus Genetic Stock Center. Strains 1A39 (argC4), 1A55 (arol,
metB5), 1A79 (cysC1), 1A84 (glyB133, metD), 1A25 (metA29,
argC4), 1A156 (purB) and 1A652 (proAB) were obtained from the
same source.

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 pre-
viously described (Pandey and Aronson, 1979). One of the soluble
spore coat proteins was salted out with Na,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 20-100% 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 Model 420 gas phase sequenator and deoxyoligo-
nucleotides were synthesized in an Applied Biosystems Model
380A DNA synthesizer.

A mixed oligonucleotide was labelled by incubation with
+-[*2P]-ATP and polynucleotide kinase (Maniatis et al., 1982) and
used as a probe to screen eight poals of plasmids containing
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. Simul-
taneously, B. subtilis JH642 DNA digested with various restriction
enzymes was resolved on a 0.8% agarose gel and Southern blots
prepared. A region of ¢. 1kb from 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 Péne, 1984). Following transformation of E. coli
HB101 and plating on L-agar plus 20 g ml~ ' ampicillin, colonies
were screened for tetracycline sensitivity. About 500 colonies
were streaked onto Millipcre HA filters (0.45u) on L-agar plus
ampicillin (20 g ml "), 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
al., 1977) after cloning into m13mp18 and m13mp19 and then
deleting with exonuclease Il {Henikoff, 1984). Sequences of
certain regions were also confirmed by primer 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 al, 1987). The clone
containing the Hindlll fragment in pHP13 is designated pT5A.

Mapping

The 1.2kb Hindlll fragment was isolated as described above and
cloned into pODE194 (Ebbole and Zalkin, 1987), an integration
vehicle which replicates in E. coli (ampicillin resistance) but not in
8. subtilis (expresses chlcramphenicol resistance, Cm®, when
integrated). Transformants (Anagnostopoulos and Spizizen,
1961) of 8. subtilis JH642 were selected on NSM plus 5pgml '
chloramphenicol. The Cm® marker was then mapped by PBS1
transduction (Hoch et al., 1967) employing the strains previously

Fig. 7. Inmunoblot (as in Fig. 5) of extracts of sporulating cells of B.
subtilis JH642/pT5A (lanes 1 and 2) and washed spores of B. subtilis
JHB42/pT5A (lanes 5 and 6) or of B. subtilis JH842/pHP13 (lanes 3 and
4), Extracts (50 ug of protein) were dialysed for 12h at 4°C versus 11 of
0.01M Tris, pH 8.0 and then incubated at 37°C for 1h with (+) or without
(-) 1 g of trypsin. Bands are labelled (a), (&) and (c), as in Figs 5 and 6.



Steg anc sLUSScLEntly, Oy Transiormat.on, in ooth cases. seiec-
uon was ‘or Cmooon NSM agar oiates. Various orctotroonic
markers were then scoreg on a minimal glucose medium (Spi-
zizen, 1953} appropriately supplemented in order to determine
linkage.

RNA fractionation and S1 mapping

Total RNA was prepared from cells grown in NSM to various
stages of sporulation (approximated by the appearance of cells in
the phase microscope, 1.e. by the percentage of dull, phase-white
or bright endospores). 100ml portions were harvested by centri-
fugation at 8000 rom for 8 min in a Sorvall GSA rotor. The cells
were washed twice by suspension in 20ml each of 0.05M Na
acetate-0.1 M NaCl-1 mM EDTA, pH 5.5. A final suspensionin 2 ml
of this buffer was supplemented with sodium dodecy! sulphate
(SDS) to 1%. After pouring of the suspension into a French
pressure cell, 0.7 ml of a purified bentonite suspension (Fraenkel-
Conrat et al, 1961) at 32mg ml ' was added. The cells were
extruded at 9000 psi directly into an equal volume of phenol
saturated with 0.03M Tris, pH 7.6. Following extraction, the
aqueous phase was precipitated with two volumes of ethanol and
some DNA was removed by winding onto a sterile glass rod. After
incubation at —20°C for 20 min, the precipitate was collected and
dissolved in 1 ml 0.01M Tris-2mM MgCI, pH 7.6, and ribo-
nuclease-free deoxyribonuclease | (BRL) was addedto 5pgml '
Following incubation at 37°C for 40 min, the phenol extraction
was repeatad twice and the RNA collected by ethanol precipi-
tation (after addition of Na acetate to 0.3M). The final precipitate
was dried, dissolved in distilled water and the concentration
determined by measuring the adsorption at 260, 280 and 320 nm.
Portions were frozen in sterile tubes at —70°C.

The RNA was fractionated for Northern blots as described by
Thomas (1980). S1 nuclease mapping (Burke, 1984) was done by
labelling either an 838bp Hindlll-Hhal fragment of the insert with
polynuclectide kinase plus v-[P?%]-ATP or by oligonucleotide
pnmer extension (dashed overlined region, GATGCTTAA-
GTTGGGTGTATG in Fig. 2) employing the 1.2kb Hindlll fragment
as template. Klenow fragment and a-[P*?]-dCTP (Maniatis et al.,
1982).

Immunoblotting

Forimmunablotting (Towbin et al., 1979) extracts of cells grown in
NSM iplus or minus Sugml ’ chloramphenicol) were prepared by
certrfuging 10-30ml portions in a Sorvall SS-34 rotor at 8000
rom for 10 min. The pellets were washed ance in 5ml 0.03M Tris.
oH 73, suspended in 50wl Tris plus 40pg lysozyme. and
ncupated at 37°C for 10 min. After addition of SDS to 1.0%. and
ohany: meathy! sulfonyl flucride (PMSF) to 5mM, the suspensions
were placed in a poiling water bath for 3 min. The tubes were
cooled, centrifuged in an Eppendorf for 5 min and the super-
natants collected, The pellets were suspended in 30ul UDS
(Sastry et al.. 1983) plus 5mM PMSF and incubated at 37°C for 30
min. Following centrfugation in an Eppendorf for 7-8 min, the
supernatants were pooled and portions removed for Folin protein
determinations. Equal quantities of protein in the extracts were
fractionated on 20% SDS-PAGE. After transfer to nitrocellulose,
treatment was with rabbit antibody to the Na,S0, precipitate of a

30Gra Coat 2xrAC o

gate Pron Cantrol treatments .ncluded gra- mMmune serum
ang anrtboay absorgea with the HPLC purified protein conju-
gatea to cyanogen bromide activated Sepharose 48 (Sigmay.

Spores were harvested after 24-36h incubation by centni-
fugation in a Sorvall SS34 rotor at 12000 « g for 10 min. They
were washed with 10ml portions of 1M KCI and distilled water
(twice), suspended in 10ml 0.03M Tris-HCi, pH 7.6 plus 50ug
ml ' lysozyme, and incubated at 37°C for 1h. They were then
washed with 1 M KClI, distilled water, 0.05% SDS, and again with
distilled water (three times). Intact spores were counted in a
Petroff-Hauser chamber and then extracted as described by
Donovan et al. (1987).

Acknowledgements

Research was supported by ARO Grant P-24991-LS from the
Army Research Office. Technical assistance was provided by Gail
Sudlow. The amino acid sequencing was done by Dr M. Hermod-
son and the oligonucleotide probes were provided by Dr J. Dixon
(Laboratcry for Macromolecular Structure at Purdue University).

References

Anagnostopoulos, C., and Spizizen, J. (1961) Requirements for
transformation in Bacillus subtilis. J Bacteriol 81: 741-746.
Arcnson, A.l., and Fitz-James, P.C. (1976) Structure and mor-
phogenesis of the bacterial spore coat. Bacterial Rev 40:

360-402.

Boschwitz, M., Halvorson, H.O., Keynan, A.. and Milner, Y. (1985)
Trypsin-like enzymes from dormant and germinated spores of
Bacillus cereus and their possible involvement in germination. J
Bacteriol 164: 302-309.

Brown. W.C.. Vellom, D., Ho, ., Mitchell, N.. and McVay. P.1982)
Interaction between a Bacillus cereus spore hexosaminidase
and specific germinants. J Bacteriol 149: 969-3876.

Burke. J.F. (1984) High-sensitivity S1 mapping with single-stran-
ded *?P DNA probes synthesized from bacteriophage M13mp
templates. Gene 30: 63-68.

Connors, M.J., Howard, S., Hoch, J.A., and Setlow, P. (1988}
Determination of the chromosomal location of four Bacillus
subtilis genes which code for a family of small, acid-soluble
spore proteins. J Bacteriol 166: 412-416.

Dedonder, R.A., Lepesant, JA.. Lepesant-Kejzlaroz. J., Billault,
A.. Steinmetz. M., and Kunst, F. (1977) Construction of a kit of
reference strains for rapid genetic mapping in Baciilus subtilis
168. App! Env Microbiol 33: 989-893.

Donovan, W.. Zheng, L., Sandman, K.. and Losick. R. (1987}
Geres 2ncoding spore coat polypeptides from Bacillus subtilis.
J Mgi 5101 196: 1-10.

Eobote. D.J., and Zalkin, H. (1887) Cloning and characterization of
a 12-genre cluster from Bacillus subtilis encoding nine enzymes
for e novo purine nucleotide synthesis. J Biol Chem 262:
R274-8287.

Eyre. D.R. 11980) Collagen: molecular diversity in the body's
protein scaffold. Scrence 207: 1315-1322.

Feng. P.. and Aronson, A.l. (1986) Characterizatior of a Bacillus
subtiis germination mutant with pleiotropic alterations in spore
coat structure. Curr Microbiol 13: 221-226.

Foster, S.J.. and Johnstone, K. (1987) Purification and properties
of a germination-specific cortex-lytic enzyme from spores of
Bacillus megaterium KM. Biochem J 242: 573-579.



444 A, [ Aronson. H.-Y. Song and N. Bourne

Fraenkel-Conrat, H., Singer. B.. and Tsugita. A. (1961) Purification
of viral RNA by means of bentonite. Virology 14: 54-58.

Goldman, R.C., and Tipper. D.J. (1978) Bacillus subtiiis spore
coats: complexity and purification of a unique polypeptide
component. J Bacteriol 135: 1091-1106.

Goldman, R.C.., and Tipper, D.J. (1981) Coat protein synthesis
during sporulation of Bacillus subtifis: immunological detection
of soluble precursors to the 12 200 dalton spore coat protein. J
Bacteriol 147: 1040~1048.

Haima, P., Bron, S., and Venema, G. (1987) The effect of
restriction on shotgun cloning and plasmid stability in Bacillus
subtilis Marburg. Mol Gen Genet 209: 335-342.

Hasnain, S., and Thomas, C.M. (1986} Construction of a novel
gene bank of Baciflus subtilis using a low copy number vectorin
Escherichia coli. J Gen Microbiol 132; 1863-1874.

Henikoff, S. (1984) Unidirectional digestion with exonuclease Il
creates targeted breakpoints for DNA sequencing. Gene 28:
351-359.

Hoch, J.A., Barat, M., and Anagnostopoulos, C. (1967) Trans-
formation and transduction in recombination defective mutants
of Bacillus subtilis. J Bacteriol 93: 1925-1937.

Holland, S.K.. Cutting, S., and Mandelstam, J. (1987) The
possible DNA binding nature of the regulatory proteins,
encoded by SpollD and gerE, involved in the sporulation of
Bacillus subtilis. J Gen Microbiol 133: 2381-2391.

Holt, S.C., and Leadbetter, E.R. (1969) Comparative ultrastruc-
ture of selected aerobic spore-forming bacteria: a freeze-etch-
ing study. Bacteriol Rev 33: 346-378.

James, W., and Mandelstam, J. (1985) SpoVIC, a new sporulation
locus in Bacillus subtilis affecting spore coats, germination and
the rate of sporulation. J Gen Microbiol 131: 2409-2419.

Jenkinson, H.F. (1981) Germination and resistance defects in
spores of a Bacillus subtilis mutant lacking a coat polypeptide.
J Gen Microbiol 127: 81-91.

Jenkinson, H.F., Sawyer, W.D., and Mandelstam, J. (1981)
Synthesis and order of assembly of spore coat proteins in
Bacillus subtilis. J Gen Microbiol 123: 1-16.

Jenkinson, H.F. (1983) Altered arrangement of proteins in the
spore coat of a germination mutant of Bacillus subtilis. J Gen
Microbiol 129: 1945-1958.

Jenkinson, H.F., and Lord, H. (1983) Protease deficiency and its
association with defects in spore coat structure, germination
and resistance properties in a mutant of Bacillus subtilis. J Gen
Microbiol 129: 2727-2737.

Kutima, P.M., and Foegeding, P.M. (1987) Involvement of the
spore coat in germination of Bacillus cereus T spores. App!
Environ Microbiol 53: 47-52.

Maniatis, T.. Fritsch, E., and Sambrook, J. (1982) Molecular
Cloning. A Laboratory Manual. Cold Spring Harbor, New York:
Cold Spring Harbor Laboratory Press.

Moir, A. (1981) Germinaticn properties of a spore coat-defective
mutant of Bacillus subtilis. J Bacteriol 146: 1106—-1116.

Moir. A., Lafferty, E., and Smith, D.A. (1979) Genetic analysis of

spore germination mutants of Bacillus subtilis 168: the corre-
lation of phenotype with map location. J Gen Microbiol 111:
165-180.

Ostroff, G.F., and Péne, J.J. (1984) Molecular cloning with
bifunctional plasmid vectors in 8. subtilis. 1. Construction and
analysis of B. subtilis clone banks in E, coli. Mol Gen Genet 193:
299-305.

Pandey, N.K., and Aronson, A.l. (1979) Properties of the Bacillus
subtilis spore coat. J Bacteriol 137: 1208-1218.

Piggot, P.J., and Hoch, J.A. (1985) Revised genetic linkage map
of Bacillus subtilis. Microbiol Rev 49: 158-179.

Sandman, K., Kroos, L., Cutting, J., Youngman, P., and Losick, R.
(1988) Identification of the promoter for a spore coat protein
gene in Bacillus subtilis and studies on the regulation of its
induction at a late stage of sporulation. J Mol Biol 200:
461-473.

Sanger, F., Nicklen, S., and Coulson, A.R. (1977) DNA sequencing
with chain-terminating inhibitors. Proc Natl Acad Sci USA 74:
5463-5467.

Sastry, K.J., Srivastava, O.P., Millet, J., Fitz-James, P.C., and
Aronson, A.l. (1983) Characterization of Bacillus subtilis
mutants with a temperature-sensitive intracellular protease. J
Bacteriol 153: 511-519.

Schaeffer, P., lonesco, H., Ryter, A., and Balassa, G. (1963) La
sporulation de Bacillus subtilis: etude génétique et physio-
logique. Collog Int Cent Nat! Rech Sci 124: 553-563.

Skomurski, J.F., Racine, F.M., and Vary, J.C. (1983) Steady-state
fluorescence anisotrophy changes of 1,6-diphenyl-1,3,5-hexa-
triene in membranes from Bacillus megaterium spores. Bio-
chim Biophys Acta 731: 914-923.

Spizizen, J. (1958) Transformation of biochemically deficient
strains of Bacillus subtilis by deoxyribonucleate. Proc Natl
Acad Sci USA 44: 1074-1078.

Stewart, G.5.A.B., and Ellar, D.J. (1982) Characterization, purifi-
cation and synthesis of spore-coat protein in Bacllus megater-
ium KM. Biochermn J 202: 231-241.

Stormo, G.D. (1986) Translation initiation. In Maximizing Gene
Expression. Reznikoff, W., and Gold. L. (eds). Boston:
Butterworth Publishers, pp. 195-224.

Strauch, M.A., Aronson, A.l., Brown, S.W., Schreier, H.J., and
Sonenshein, A.L. (1988) Sequence of the Bacillus subtilis
glutamine synthetase gene region. Gene 71: 257-265.

Thomas. P.S. (1980) Hybridization of denatured RNA and small
DNA fragments transferred to nitrocellulose. Proc NatfAcad Sci
USA 77: 5201-5205.

Towbin, H.. Staehlin, T., and Gordon, J. (1979) Electrophoretic
transfer of proteins from polyacrylamide gel to nitrocellulose
sheets: procedure and some applications. Proc Nati Acad Sci
USA 76: 4350-4354.

Tsuzuki. T., and Ando, P. (1985) Chemical studies on the spore
coat protein of Clostridium perfringens type A. Agric Biol Chem
49: 3221-3225.




PROPERTIES OF BACILLUS SUBTILIS STORES WITH
ALTERATIONS IN SPORE COAT STRUCTURE

N. Bourne, T.-8. Huang and A. 1. Aronson
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West Lafayetie, Indiana 47907

I INTRODUCTION

The proteinaceous coal of Bacillus spores is belicved to be
itnportant in both resistance to adverse environmental conditions and
in the ability to respond o germinants (Aronson and Fitz-Jantes, 1976;
Dion and Mandelstam, 1980). The compaosition of this structure
dilfers considerably among members of the genus. In Bacillus subtilis
it consists of a group of 10-20 extractable polypeptides which may vary
in size from 7 kd to 65 kd (Goldman and Tipper, 1978; Pandey and
Aronson, 1979; Jenkinson ef al., 1981), plus an insoluble profeinaceous
fraction which may comprise up te 30% of the tolal spore coat protein
(Pandey and Aronson, 1979). 1In condrast, the spore coais of some
other members of the genus such as Bacilfus cereus and Bacillus
megateriin contain only a few major low molecular weight specics
(Aronson and Fitz-James, 1976; Siewart and LEllar, 1982).

The reason for the heterogeneity of the B. subtilis spore cont
polypeptides and the mechanism by which they are assembled into the
finished structure are unknown., As a preliminary step in the
elucidation ol their functions, individual spore coat genes have been
cloned and analyzed (Donovan ef al, 1987; Zheng ef al, 198S;
Aronson ef al, 1989). Many of the polypeptides are small, with
unusual compositions which frequently include regions of repeating
amino acid sequences. So far, only the absence of {he Cotls protein
(among the 5-6 deleted) has resulted in extensive alteration of the coat
structure (Zheng et al, 1988).

GERETICS ARD BIOT CHROLG Copapla v DPRRY Iy Vadenn, Treas b
GF IACITTE VoL A iy Al sghts of repeslinton inans feon sescived
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CotT is of interest because it is a prevalent low molecular
weight spore coat polypeptide which may also be a component of the
coat insofuble fraction (Feng and Aronson, 1986). It is also the only
coat protein identified which is processed from a precursor (Aronson
ef al., 1989).

The transcription and translation of the cofT gene have been
further investigated and are described here. In addition the effects of
extra copies and deletions of this gene and one encoding another low
molecular weight protein, CotD (Donovan et al, 1987), on spore coat
structure, resistance properties of the spore and the ability of spores
to respond to a variety of germinants have been examined. There are
effects of overexpression on spore germination and a specific
germination defect due to the absence of the CotT protein.

1I. TRANSCRIPTION AND TRANSLATION OF THE cofT' GENE

The sequence of the complete open reading frame of the cotT
gene is shown in Fig. 1. The original transcription start site (Aronson
et al,, 1989) as indicated by SI nuclease mapping (Burke, 1984} is
shown by the thin arrow at nt 593. A second major transcription start
site was established by reverse transeriptase mapping (Wu ef al, 1989)
and is shown by the large open arrow at nt 505. Possible sites for the
binding of RNA polymerase are represented by the broken overline
white the putative ribosome binding site is underlined. The leu
residue shown in bold face is the predicted translation start site. The
farge solid arrow represents the beginning of the sequenced CotT
protein extracted from spores (ie. NH, Gln-Pro-Tyr, etc.).

Evidence to support translation initiation at the leu residue was
provided by studies with strain B. subtilis 642/T5A (Aronson ef al,
1989) which carries the cotT gene on the low copy number vector
pHP13 (Haima et al., 1987). There were two presumptive precursors
present in immunocblots of extracts {rom late sporulating cultures
(Aronsou ef al., 1989) and in spore coat extracts (unpublished results).
The larger was electrobloited onto a polyvinylidene difluouride
membrane (Matsudaira, 1987), excised and subjected to protein
sequencing. The amino terminal region matched that predicted from
the cotT DNA sequence starting at the TTG encoded leu residue.
The predicted size of this precursor is 10.1 kd, but its electrophoretic
mobility is similar to that of lysozyme (14.4 kd) possibly due to its
unusual amino actd composition.
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750 740 730 720
710 00 6%
ATGAAACCAT TTGATTCITT TTGCCAACAR CARAAACTCC TTCTTTCGTA GCCATTTCGA rTracrcrrg
680 670 660 650
640 630 62
ATCAGTTGGA ACTGTATCTA TTTAGAAATG TTITTGTAAC ATIGFAGTAA CATITATITC acarrrcraﬁ
610 600 590 580
570 560
TACTATGAGARTTEhGAAGTT CATGTCARTC CYTTTTAAGG AATTTCATCA TAARARRAAC CGAATTT:SO
sa
..... 522 e Alut

;Tf iAT GTA CAT ACA CCC AAC TTA AGC ATC AGG AAT ATG GTA AAA GGA ATA AAA AAA GUT
L] an Val His Thr Pro Asn Leu Ser Ile Arg Asn Met Val Lys Gly Ile Lys Lys Ala

462
432
:26 g:G 3T: TIC CTC TEG GAT TAC CCT TIG AAT GAA CAG TCA TIT GAA CAA AIT ACC cgr
g u Val Phe Leu Leu Asp Tyr Pro Leu Asn Glu Gla Ser Phe Glu Gln Tle Thr Pro

' 402 372

:A: gRT g?h AGA CAG CCT TAT TAT TAT CCG CGT CCG AGA CCG CCA TTT TAT CCG CCT TAT
Y sp U Arg Gln Pro Yyr Tyr Tyr Pro Arg Pro Arg Pro Pro Phe Tyr Pra Pro Tyr

342
312
I:: zBT CCA AGR CCG TAT TAT CCG TTIC TAC CCG TIT TAT CCG CGC CCG CCT TAT TAC TAC
yr Pro Arg Pro Tyr Tyr Pro Phe Tyr Pro Phe Tyr Pro Arg Pro Pro Tyy Tyr Tyr

Rsal

. 282 252
PCG iGC CCG CGA CCG CCT TAC TAC CCT 1GG C GGT TAC GGC GGA GGY TAT GGC GGA GGA
re Arg Fro Arg Fro Pro Tyr Tyr Pro Trp Tyr Gly Tyr Gly Gly Gly Tyr Gly Gly Gly

220 210 200
TAT GGG GGA GGT TAC GGT TAC TAG TCGCCAC i
A TATCAAAATG GGGGC
Tyr Gly Gly Gly Tyr Gly Tyr End ROTEC ocraceeAT

180 170 160 150
140 130 120
TTTTTIGTTT TAAAAATGAC AATATCATGA CAAATATGGG ARATAATTGT GATYICIGTCC CCCTCITGTT

110 100 90 8%
Ex 60 50
ACGATRACAR ARGCATGCAT TTTGGGGAGC GICTAITTIT GGAGAATACA AGARATTCTG CAGCCATATC

.
40 30 20 10
TGAAACAAAA TACATAAMAG CTTGCATGCC TGCAGGTCGA CYCTAAGGA

Figure 1. Nucleotide sequence of the open readin i
ading [rame of the cot 7 gene as modilied
from Aronson ef al. (1989). See text for details, ¥ o

. Further evidence that the precursor is processed at the arg-glt
site (showtn by the thick arrow in Fig. 1) to produce the 7.8 kd mature
spore coat protein was provided by site-direcied mutagenesis (Kunkel,
1985) of 1_1'19I. The altered gene was integrated into tghe chro(mosome
of B. sg:btu’ts 642 creating a partial diploid (B. subtilis 642/PD633) with
one wild-type and one altered gene copy. The large CotT precursor
acqumulaled as defermined by immunoblots and SDS/PAGE of
stained gels of spore extracts (unpublished resuits). This accumulation
of precursor was not found in a strain containing two wild-iype cotT
genes (see Section IV). :
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111. CONSTRUCTION AND PROPERTIES OF cofT DELETIONS

‘The Alul-Rsal fragment (nt 280-493) shown in Fig. 1 was cloned
into the integrative vector pDE194 (Ebole and Zalkin, 1987) and
introduced into B. subtilis 642 by transformation. Recombination
within this cloned region and the chromosomal cofT gene resulted in
integration of the vector into the chromosome and production of fwo
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, facks the promoter region (A). This consfruct (NB200) was
confirmed by Southern hybridization (Southern, 1975) and there was
no detectable CotT protein in SDS/PAGE of spore coat extracts, nor
in immunoblots of extracts from spores or late sporulating 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,
NDB200 spores were as resistant to heat, lysozyme and octanol as wild-
type 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 KCl, 56 mM glucose, 5.6 mM fructose and 3.3 mM
I-asparagine (Wax and Freese, 1968; Fig. 3). There was no change
in the germination of NB200 or the wild-type spores by lowering the
glucose or fructose concentration tenfold.

Another cofT deletion was constructed by integration of the
263 bp Rsal gene fragment (nt 280-343 in Fig. 1) as in Fig. 2. The
resulting strain (NB2) contained one complete copy of cofT 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 upsiream regions important for cofT
transcription. As anticipated, the germination of NB2 spores like
those of NB200 was stower than the wild-type but only in the glucose,
fructose and L-asparagine mixture.

PROPERTIES OF B. SUBTILIS SPORES an

Cm'

S
AT

Figure 2. Construction of the cotT deletio i i i
n strain NB200 by inlegration inio the
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IV, OVERPRODUCTION OF CotT

Spores of B. subtilis 642/T5A in which the cotT gene is present
on the vector pHPI3 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 et al., 1989), extra CotT precursor proteins can
be extracted from these spores and they appear 1o have a thickened
inner spore coat (P. C. Fitz-James, personal communication), so
altered spore coat structure and composition could account for the
germination delect.

B. subtilis 642/PD1 was consiructed by integration of the entire
wild-type cotT gene into the chromosome resulting in a strain with
two functional chromosomal gene copies {(confirmed by Southern
hybridization and increased cofT mRNA content). Spores of this
strain germinated as well as the wild-type in response fo all of the
germinants lested and there was no excessive accumulation of CotT
precursors in immunoblots or in SDS/PAGE of protein extracts from
purified spore coats (unpublished resulis). Apparently, more than two
gene copies are needed for the excessive accumulation of CotT protein
in the spore coat with the resuliing germination defect.

Y. STUDIES WITH cotD) MUTANTS

The clone of cotD and a deletion strain (BZ109; Donovan
et al, 1987) were generously provided by B. Zheng and R. Losick.
When the intact gene was transferred to the vector pHPI13 and
transformed into B. subfilis 642, there was an increased amount of
protein of the size of ColD in SDS/PAGE of spore extracis
(unpublished results). Germination of this overproducing strain was
stower 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 CotT-overproducing strain
(Fig. 4). Strain BZ109 was constructed by the insertional inactivation
of the cofD gene (Donovan et al., 1987) but in contrast to the cofT
deletion (Fig. 3) there was no discernible effect on germination.
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VL. SUMMARY

A major transcription initiation site for the cofT" gene has been
determined. The predicted iranslation product has an N-terminal lex
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 resulied 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 cofT 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 CotT precursor protein is in agreement with the predicted
amino acid sequence from the cof(T 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
CotT prolein,

Deletion of the cotT' gene resulted in a thinning of the outer
spore coat and an impaired germination response, but only to a
mixlure containing glucose, fructose and L-asparagine. Altering the
concentration of glucose or fructose did not affect the germination rate
implying that the Cof'l' protein is not directly involved. This protein
is probably not a receplor for specific germinants butl more likely, its
function in spore coat structure is important for the accessibility of this
particular germination mixture to its site ol action.

Another cotT deletion strain lacked only a region upstream of
the promoter but there was no Cot'T' antigen synthesis implying that
a transcriptional regulatory region is within the deleted portion.

Germination of a cotT 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 CotT 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 anoiher coat protein (CotD) was
indistinguishable from the wild-type for all germinants {ested. Excess
synthesis of this protein resulted in slower germination than the wild-
type bul not to the same extent as was caused by CotT protein
production.
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