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During endospore formation in Bacillus subtilis, over two dozen polypeptides are assembled into a multilay-
ered structure known as the spore coat, which protects the cortex peptidoglycan (PG) and permits efficient
germination. In the initial stages of coat assembly a protein known as CotE forms a ring around the forespore.
A second morphogenetic protein, SpoVID, is required for maintenance of the CotE ring during the later stages,
when most of proteins are assembled into the coat. Here, we report on a protein that appears to associate with
SpoVID during the early stage of coat assembly. This protein, which we call SafA for SpoVID-associated factor
A, is encoded by a locus previously known as yrbA. We confirmed the results of a previous study that showed
safA mutant spores have defective coats which are missing several proteins. We have extended these studies
with the finding that SafA and SpoVID were coimmunoprecipitated by anti-SafA or anti-SpoVID antiserum
from whole-cell extracts 3 and 4 h after the onset of sporulation. Therefore, SafA may associate with SpoVID
during the early stage of coat assembly. We used immunogold electron microscopy to localize SafA and found
it in the cortex, near the interface with the coat in mature spores. SafA appears to have a modular design. The
C-terminal region of SafA is similar to those of several inner spore coat proteins. The N-terminal region
contains a sequence that is conserved among proteins that associate with the cell wall. This motif in the
N-terminal region may target SafA to the PG-containing regions of the developing spore.

In response to nutrient depletion, Bacillus subtilis can un-
dergo a complex differentiation process culminating in the
formation of a dormant endospore (34). Sporulation begins
with an asymmetric cell division that partitions the sporangium
into a large mother cell and a smaller prespore, each of which
contains one copy of the bacterial chromosome. Hydrolysis of
the septal peptidoglycan (PG) allows the mother cell to en-
gulf the prespore, a process that yields a cellular compart-
ment, the forespore, completely surrounded by the mother
cell cytoplasm. Maturation of the spore proceeds by the
coordinated synthesis of the necessary gene products from
both the forespore and the mother cell sporangial compart-
ments. At the end of the developmental process, the spore is
released into the environment upon lysis of the mother cell (20,
34).

The endospore is highly resistant to a variety of insults,
including dehydration, organic solvents, lysozyme treatment,
and extreme temperatures. However, in spite of its dormant
nature, the spore can sense its environment and initiate ger-
mination within minutes of exposure to germinants. These
spore properties are attributable to the physical and chemical
composition of the structures which encase the spore (6, 12,
20). Thin-section electron microscopy reveals two main layers
surrounding the core of mature spores: a thick electron-trans-
parent layer of a modified PG known as the cortex (reviewed
in reference 4) and a multilayered electron-dense protein
structure known as the spore coat (reviewed in references 6
and 12). The coat is composed of more than two dozen pro-
teins organized into three layers: an amorphous undercoat, a

thin lamellar inner coat, and a thick striated outer coat (re-
viewed in references 6 and 12).

Synthesis of most proteins required for coat assembly relies
on the action of two mother cell-specific RNA polymerase
sigma factors (reviewed in references 6 and 12). Thus, most of
the coat proteins are synthesized in the mother cell, where they
assemble around the forespore membrane. sE functions in the
preengulfment stages of mother cell development, and follow-
ing engulfment it is replaced by sK (34). The earliest events of
coat assembly require sE to drive the production of three
morphogenetic proteins, called SpoIVA, SpoVID, and CotE
(3, 20, 24, 32, 36). The sE-dependent period is marked by the
organization of SpoIVA in a layer closely apposed to the outer
forespore membrane (7, 16, 22) and the subsequent concentric
positioning of a ring of CotE 75 nm from SpoIVA (7, 21). The
gap between SpoIVA and CotE defines a compartment re-
ferred to as the matrix, which becomes the site of assembly of
the inner coat proteins. The CotE ring is implicated as the
nucleation site for the assembly of outer coat proteins (7, 36).
Activation of sK triggers the synthesis of the cortex layer (be-
tween the forespore inner and outer membranes) and of most
of the coat structural proteins (6, 12, 20, 34). SpoVID function
is required at about this stage for the maintenance of the CotE
ring around the forespore. In spoVID-null mutants the CotE
ring forms but does not persist, and the coat misassembles as
swirls of semiorganized material in the mother cell cytoplasm
(3, 7). As a consequence, spoVID spores have an exposed
cortex and are extremely sensitive to lysozyme treatment (3).
Thus, SpoVID is an important determinant of protein local-
ization to the nascent coat. It is not known how SpoVID is
itself targeted to the matrix or how it influences the fate of the
CotE ring. To begin analyzing these issues, we sought to iden-
tify proteins that interact with SpoVID. Here we report that
the product of the yrbA gene appears to associate with SpoVID
during the early stage of coat assembly.
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MATERIALS AND METHODS

Isolation of safA mutants. The B. subtilis strains used in this study are listed in
Table 1. Escherichia coli strain DH5a (Bethesda Research Laboratories) was
used for transformation and amplification of all plasmid constructs. E. coli strain
BL21(DE3)(pLysS) (Novagen) was used to overproduce His-tagged SpoVID
and SafA.

Primers were designed to amplify internal fragments of safA (59GGCGATT
AGATCTGGAAAATAGC3 and 59GCATATGATACATAAGATCTATAT39)
and yrbC (59CAGGCCATTACTAGTGGAAAAAC39 and 59CAAGCATGAG
CTCATCTTCTTC39) from the wild-type (MB24) chromosome. The safA con-
struct (pOZ54) was made by cloning the 430-bp PCR fragment into the BamHI
sites of the integrational plasmid pAH250 (8) (Table 1). Similarly, the yrbC
construct (pOZ52) was made using a 460-bp PCR fragment cloned into the SacI
and SpeI sites of pAH250 (Table 1). Competent cells of wild-type B. subtilis were
transformed with pOZ54 and pOZ52, with selection for spectinomycin resis-
tance. Transformants were expected to arise as the result of a single reciprocal
crossover (Campbell-type) event, which was confirmed by PCR analysis of the
recombinant chromosomes.

A partial deletion of the genes contained in the safA-to-yrbC region was
created by allele replacement using pOZ53. pOZ53 was constructed by inserting
a 472-bp PCR fragment internal to the safA locus (generated with primers
59CTCAATACAAAGCTTAGCAATCCA39 and 59GTGTGATGAAGCTTTT
CCTCTTCT39) into the HindIII site of pOZ52. This plasmid carries a fragment
internal to yrbC cloned between the SacI and SpeI sites of the pAH250 vector
(see above). The orientation of the safA gene was confirmed to be the same as
that of the yrbC fragment, and thus the resulting plasmid (pOZ53) contained the
spectinomycin resistance gene flanked by internal fragments of the safA and yrbC
loci (Table 1). Marker replacement recombination with this plasmid resulted in
a partial deletion of safA and yrbC and a complete deletion of yrbB. A plasmid
(pOZ83) designed to delete the complete safA coding region while leaving the
downstream yrbB and yrbC genes intact was constructed in several steps. First,
the yrbB-yrbC region was PCR amplified with the primer pair 59CGTTCGGAA
CGATGTAAATCG39 and 59GAATACACCCATGGAAGTGAACG39, which
yielded a 1.64-kb DNA fragment. Second, the yrbB-yrbC fragment was purified
and cloned directly into the pCR2.1 TOPO (from the TA-TOPO cloning system;
Invitrogen) to produce pOZ79. Third, a region of 617 bp upstream of the safA
start codon was PCR amplified with primers 59ATTGCGCTTGAAGCTTTGG
CTGTGTGGGATCCG39 and 59GGATTTTCAAGCTTTTCCCCTCCTATGC

AAAACG39. The PCR product was purified, cleaved with HindIII, and cloned
into the corresponding site of pOZ79, in the same orientation as the first insert.
The resulting plasmid is referred to as pOZ81. Lastly, a spectinomycin acetyl-
transferase gene (spc), obtained from AvrII-SpeI digestion of pAH256 (8), was
cloned into the SpeI site of pOZ81. This created pOZ83, in which the spc gene
is in the same orientation as it is relative to the safA and yrbB-yrbC pieces (Table
1).

Competent cells of the wild-type strain, MB24, were transformed with linear-
ized pOZ53 or pOZ83 to force a double-crossover event with the recipient
chromosome. The expected integration of pOZ53 (with the concomitant deletion
of part of safA, all of yrbB, and part of yrbC) and of pOZ83 (resulting in the
deletion of only safA) was confirmed by PCR analysis of the recombinant chro-
mosomes.

safA complementation analysis. A complete copy of safA was obtained by PCR
with primers 59TAGGAGGGGAAAACCATGGAAAT39 and 59CGTTCCGA
AAGATCTCTCATTTTC39 and was cleaved with NcoI and BglII between the
NcoI and BamHI sites of pLITMUS 29 (New England Biolabs) to yield pOZ77.
A kanamycin resistance gene was released from pKD101 (a gift from W. Hal-
denwang) with SmaI and introduced into the unique site of pOZ77. The resulting
plasmid, pOZ78, was used as a vector for integration of an intact copy of safA
into MB24 (wild type) or AOB48 (safA yrbC::spc) to test for complementation.
Complementation was also tested by expression of safA at the amyE locus. The
safA gene and 598 bp upstream from its start point of translation, including its
promoter, were amplified by PCR with primers 59GATGAATTAGTAGCTGA
ATCCGGGC39 and 59CGTTCCGAAAGATCTCTCATTTTCTTCTTCCGG39.
The resulting 1,788-bp DNA fragment was cloned into PCR2.1 (Invitrogen) to
produce pOZ115. In a second step this safA region in pOZ115 was cloned as an
EcoRI fragment into the amyE integrational vector pDH32 (19) to produce
pOZ134. pOZ134 was linearized with ScaI and used to transform the safA
deletion mutant AOB68 to chloramphenicol resistance to produce strain
AOB88. PCR analysis was used to confirm that the safA gene had integrated into
the chromosome by double crossover in amyE.

Purification of spores for germination assay and electron microscopy. Spores
were harvested 48 h after the onset of sporulation in DS medium (DSM). The
spore suspension was washed with 100 ml of sterile water three times in 48 h and
either used directly for electron microscopy sample preparation or subjected to
further purification on a 50% step gradient of metrizoic acid (Renocal-76 from
Squibb Diagnostics), as described previously (8, 9).

TABLE 1. Bacterial strains and plasmids used in this studya

Strain or
plasmid Genotype or description Reference or

source

Strains
168VJMCS spoVID::kan trpC2 3
MB24 Wild type; trpC2 metC3 Spo1 Laboratory stock
AH45 trpC2 metC3 spoIIIGD1 13
AH64 trpC2 metC3 cotED::cat Cmr 29
AH74 trpC2 metC3 spoIIGBD::erm Ermr 29
AH77 trpC2 metC3 spoIVCBD::erm Ermr 29
AOB24 trpC2 metC3 spoVID::kan This work
AOB38 trpC2 metC3 MB24V pOZ52 This work
AOB44 trpC2 metC3 safAV pOZ54 This work
AOB48 trpC2 metC3 safA yrbB yrbC::pOZ53 This work
AOB65 AOB48V pOZ78 This work
AOB68 trpC2 metC3 safA::pOZ83 This work
AOB88 AOB68 amyE::pOZ134 This work

Plasmids
pAH250 pBluescript II KS(2)b 1 Spr gene A. O. Henriques
pDH32 amyE integrational vector 19
pOZ33 safA in pet30a1 This work
pAH333 spoVID in pet30a1 This work
pOZ52 yrbC in pAH250 This work
pOZ53 safA internal fragment in pOZ52 This work
pOZ54 safA in pAH250 This work
pOZ78 safA in pLITMUS 29c Kanr This work
pOZ79 yrbBC in pCR2.1 TOPOd This work
pOZ83 safA deletion vector This work
pOZ134 pDH32::safA This work

a The omega symbol indicates that the plasmid was integrated into the B. subtilis chromosome by a Campbell integration event (single crossover in the region of
homology).

b From Stratagene.
c From New England Biolabs.
d From the Invitrogen TA-TOPO cloning kit.
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Transmission electron microscopy and immunogold localization. Spores used
for electron microscopy were prepared as described in the previous paragraph.
Wild-type spores (MB24) and safA mutant spores (AOB48 and AOB68) were
fixed for 30 min with 4% paraformaldehyde and 2.5% glutaraldehyde on ice. For
immunogold labeling with chemical fixation we reduced the amount of glutaral-
dehyde to 0.2%. Samples were washed twice with 0.1 M phosphate buffer, pH 7.0.
Only samples not to be used for immunogold labeling were treated with 1%
osmium tetroxide solution [1.5% K4Fe(CN)6, 1% OsO4, 0.1 M phosphate buff-
er]. All the samples were dehydrated at room temperature with increasing con-
centrations of ethanol washes up to 100% and then embedded in the following
resins: LR white resin (EM Sciences) at 42°C for the chemical fixation immu-
nogold labeling samples and Epon resin (EM Sciences) for the rest of the
samples. Epon sections were processed for observation of the morphology as
described by Henriques et al. (11). For immunogold labeling, thin sections were
placed on grids and processed with protocols provided by Aurion. Samples were
then exposed to blocking agents (acetylated bovine serum albumin and normal
goat serum; Aurion), anti-SafA antibodies (1:2,000 dilution), and secondary goat
anti-rabbit conjugated to 10-nm-diameter gold or ultrasmall gold beads (Au-
rion). Transmission electron microscopy was performed on a Hitachi electron
microscope operated at 60 keV.

Preparation of B. subtilis whole-cell extracts and immunoblotting. Samples (10
ml) of DSM cultures of various strains were collected at intervals after the onset
of sporulation. Whole-cell lysates were prepared as described by Seyler et al.
(29), except that a complete mini-protease inhibitor cocktail (Boehringer Mann-
heim) was added to the lysis buffer. Sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) and immunoblotting were also done as described
by Seyler et al. (29). Anti-SafA or anti-SpoVID antibodies were used overnight
at 4°C, at a dilution of 1:10,000 or 1:5,000, respectively. The membranes were
washed and incubated for 30 min with anti-rabbit horseradish peroxidase-con-
jugated antiserum (1:10,000 dilution) in phosphate-buffered saline–Tween (29).
After a phosphate-buffered saline–Tween wash, the membranes were developed
with enhanced-chemiluminescence reagents, as described by the manufacturer
(Amersham). Films were exposed for various times ranging from 30 s to 30 min.

Coimmunoprecipitation of SafA and SpoVID. Samples (10 ml) of DSM cul-
tures were collected at h 3 and 4 of sporulation and the cells were harvested by
centrifugation. Whole-cell lysates were prepared as described above, except that
the cell pellets were resuspended in 1/10 volume of RIPA-d buffer (150 mM
NaCl, 100 mM Tris-HCl, 0.1% SDS, 1% NP-40, complete mini-protease inhib-
itor cocktail [pH 8.0]). A final concentration of 1 mg of lysate per ml was added
to protein A-purified anti-SafA and anti-SpoVID antisera at antibody-to-cell
lysate ratios of 1:5 and 1:50 (to help optimize the amount of specific antibody to
target protein) in a total volume of 500 ml of RIPA-d buffer. Dynabeads (Dynal)
conjugated with sheep anti-rabbit antibodies were added, as directed by the
manufacturer, to magnetically precipitate immune complexes. The beads were
washed with RIPA-d buffer three times and the proteins were eluted by boiling
for 2 min in SDS-PAGE loading buffer (Bio-Rad). Proteins were electropho-
resed in 12% Tris-glycine SDS-PAGE gels, blotted to nitrocellulose, and immu-
nodetected as described above.

RESULTS

Identification of SafA. We used phage display to find pep-
tides that may interact with SpoVID. Purified SpoVID was
used as the bait protein in successive rounds of selection
against a library of random peptide motifs (the Ph.D.12 phage
display peptide library kit from New England Biolabs) (27, 31).
We determined the sequences of the peptide-encoding regions
from 30 phage isolated after four rounds of selection. These 30
sequences were grouped into four consensus sequences, and
each consensus sequence was used to search the B. subtilis
genome sequence database (15) (www.pasteur.fr/GenoList/
Subtilist/) using the BLAST local alignment search method (1).
One consensus sequence (WFWPYYHAPSHP) shared 50%
identity with a region encoded by a gene previously called yrbA,
herein designated safA (for SpoVID-associated factor A). The
similarity between the peptide encoded by the phage and the
region encoded within safA cannot be considered strong evi-
dence for interaction between the safA-encoded product and
SpoVID. However, we examined the effects of mutations in
safA, because its function was unknown when we began this
study, and the primary structure of its proline-rich C-terminal
region is similar over significant regions to the primary struc-
ture of the N termini of the inner coat proteins CotJA, CotT,
and CotD (2, 5, 9, 29). In addition, this region is also similar to
a region in amelogenins (e.g., a human amelogenin [accession

number M55418]). These proteins are important components
of the developing enamel matrix in vertebrates (23), suggesting
a structural role for SafA. During preparation of the manu-
script of this report, Takamatsu et al. (35) published the results
of a study in which they characterized the yrbA locus. They
showed that the safA gene was cotranscribed with yrbB from a
sE-dependent promoter (35). They (35) also found that safA
mutant spores were resistant to heat but sensitive to lysozyme
and that they exhibited abnormal thin electron-dense outer
coats in electron micrographs. We confirmed these results by
examining several mutants in which the safA gene had been
disrupted as described in Materials and Methods (e.g., strains
AOB44, AOB48, and AOB68). As controls we also isolated
strains in which the safA mutation was complemented by a
wild-type allele of safA located at the amyE locus (strain
AOB88) or a copy of the wild-type allele of safA inserted by
Campbell-type integration at the safA locus (strain AOB65).
We also used SDS-PAGE analysis to examine coat proteins
extracted from purified spores as described previously (9), and
in confirmation of the results of Takamatsu et al. (35), we
found that several coat proteins were extracted in reduced
amounts from safA mutant spores (data not shown). One of
these is likely to be the 36-kDa CotG protein (25), as suggested
by determining the N-terminal sequence of the corresponding
species isolated from wild-type spores. We conclude that safA
is a morphogenetic protein required for the assembly of CotG,
as well as other uncharacterized coat proteins between 6 and

FIG. 1. Accumulation of SafA and SpoVID in sporulating cells and mature
spores. Whole-cell extracts were prepared from the wild type or mutant strains
at the indicated times (in hours) after the onset of sporulation. Spore coat
extracts were prepared from mature spores as described in Materials and Meth-
ods. These extracts were subjected to electrophoresis in SDS-polyacrylamide
gels, and immunoblots of the gels were stained with anti-SafA (A) or anti-
SpoVID (B) antiserum. Extracts from the wild-type strain were harvested 2, 4, 6,
8, and 30 h after the onset of sporulation as indicated above the lanes, but
extracts from safA, spoVID, and sigE mutants were harvested 4 h after the onset
of sporulation. Arrows A and B indicate the 43- and 30-kDa species of SafA,
respectively.
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14 kDa, into the spore coat. In contrast to the results of Taka-
matsu et al. (35), we were unable to identify SafA on a Coomassie
blue-stained gel of coat proteins extracted from wild-type spores.
Evidently SafA may be less abundant in our wild-type strain.

SafA accumulation begins at h 2 of sporulation and is
present in the spore coat. We purified a six-His–SafA fusion
protein from E. coli and used it to elicit SafA-specific rabbit
antiserum. The antiserum was used in Western blots and was
found to react with several species in extracts from wild-type
cells (Fig. 1A), as well as sigG and sigK mutants (data not
shown). No cross-reacting bands were detected in extracts
from safA or sigE mutants (Fig. 1A). This result agrees with the
results of Takamatsu et al. (35) that showed that sE directs
safA transcription. The predicted size of SafA is 43 kDa. A
product of approximately this size was detected in wild-type
cells during the early stages of sporulation (around h 2). How-
ever, in later stages (from h 4 of sporulation onwards), the
43-kDa species was progressively replaced with faster-migrat-
ing products, including a predominant species of about 30 kDa
(Fig. 1A). The 30-kDa species was the major form of the SafA
antigen detected during the later stages of development (Fig.
1A, h 30 lane) and in material extracted from purified mature
spores (Fig. 1A, spore coat extract lane). Takamatsu et al. (35)
also found only the smaller form of SafA in spores. Moreover,
Takamatsu et al. (35) determined that the N-terminal se-
quence of the smaller form begins with a methionine encoded
by codon 164 within the safA gene. It is not known whether this
or the other smaller forms of SafA detected in whole-cell
extracts result from proteolytic processing of the 43-kDa pre-
cursor or whether the 30-kDa form arises from translation
initiated at codon 164 of safA. In either case, the function and
fate of full-length SafA and of its N-terminal region are pres-
ently unknown.

SpoVID accumulation also begins at h 2 of sporulation. We
raised rabbit polyclonal antiserum against purified SpoVID
and tested its specificity in the sporulating extracts of a wild-
type strain of B. subtilis and in various mutants. Both a 66-kDa
form and a 120-kDa form of SpoVID were detected in wild-
type extracts between 4 and 8 h after the onset of sporulation
but not in extracts from a spoVID deletion mutant (Fig. 1B).

Sixty-six kilodaltons is near the predicted size of SpoVID. It is
not known whether the 120-kDa band is a SpoVID dimer. The
pattern of SpoVID accumulation agrees well with the previ-
ously reported transcriptional regulation of the locus (3). As
expected, SpoVID was not detected in a sigE mutant (Fig. 1B),
confirming its transcriptional regulation by sE and hence its
mother cell-specific accumulation (3, 7). SpoVID accumula-
tion was unaffected by a safA mutation (Fig. 1B). A compari-
son of the Western blots of SpoVID and SafA shows that the
accumulations of these proteins overlap in time (Fig. 1). More-
over, both proteins are likely to accumulate in the mother cell,
since we found that SafA production, like that of SpoVID (see
above), is dependent on sE (Fig. 1) and not on sG or sK (data
not shown). SafA and SpoVID differ in that the SafA was
detected in material extracted from purified spores (Fig. 1A),
whereas SpoVID was not detected in mature spores (7) (Fig.
1B).

SafA and SpoVID form complexes in sporulating cells. Our
initial phage display results suggested that SafA may interact
with SpoVID; therefore, we used coimmunoprecipitation to
examine the possibility that SpoVID and SafA form a complex.
Lysates of the wild type and a SpoVID mutant (AOB24) were
prepared, as described in Materials and Methods, and from
samples collected at h 4 of sporulation. Anti-SpoVID or anti-
SafA antiserum was used to pull down immune complexes
from wild-type and mutant extracts. Preimmune serum was
used as a control for nonspecific immunoprecipitation. To de-
tect the immune complexes we used Western blotting with
either anti-SpoVID (Fig. 2A) or anti-SafA (Fig. 2B) antibod-
ies. In all lanes of Fig. 2, the presence of the heavy chains of the
antibody used in the immunoprecipitation is readily visible at
about 50 kDa since all antibodies used in this experiment were
raised in rabbits. Anti-SpoVID immunoprecipitated SpoVID
(Fig. 2A, lanes a and b) as approximately 66- and 120-kDa
forms from wild-type cells but not from a SpoVID mutant (Fig.
2A, lane c). Anti-SpoVID also immunoprecipitated SafA an-
tigen (Fig. 2B, lane a), but not from a SpoVID mutant (lane c).
Anti-SafA also precipitated SpoVID from wild-type cells, but
only its 66-kDa form (Fig. 2A, lanes d and e). No SpoVID
antigen was precipitated from a spoVID mutant (Fig. 2A, lane

FIG. 2. SafA and SpoVID form complexes. Anti-SpoVID (lanes a to c), anti-SafA (lanes d to f), or preimmune serum (lanes g and h) was used to precipitate
complexes from cell extracts of wild-type (lanes a, b, d, e, g, and h) or spoVID mutant (lanes c and f) strains harvested 4 h after the onset of sporulation. After separation
by SDS-PAGE, immunoblots of the precipitated proteins were probed with anti-SpoVID (A) or anti-SafA (B) antiserum. The arrows indicate the positions of SpoVID
(A) and SafA (B). The positions of molecular mass markers run on the same gels are indicated to the right of each panel. The heavy chain of the antibodies used for
the immunoprecipitations is visible in every lane, migrating at a position just above the 45-kDa marker (indicated by an asterisk). Tenfold-higher concentrations of cell
extract were used in lanes b and e than in lanes a and d, respectively.
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f). Similarly, anti-SafA precipitated SafA in wild-type extracts
(Fig. 2B, lanes d and e) and in spoVID mutant extracts (Fig. 2B,
lane f) as three forms between 30 and 21 kDa. We could not
clearly distinguish whether the larger, full-length form of SafA
was immunoprecipitated, since it migrates at a position that
may overlap the region occupied by the heavy chain of the
immunoprecipitating antibody. We conclude that SafA associ-
ates with SpoVID at the early stages of coat assembly.

SafA is localized to the cortex-coat interface in mature
spores. We used immunogold electron microscopy to localize
SafA in mature spores. In wild-type spores the label localized
to the outer rim of the cortex, which was identified by the
electron density of the layers (Fig. 3). In some spores the label
was also distributed over the cortex region. This labeling was
specific, since there were few, or in most spores no, gold par-
ticles in the safA mutant spores (data not shown). Thus, SafA
is located near cortical PG and the inner coat layers. The
localization of SafA is reminiscent of that of the SleB amidase
and of the germination protein GerAB, which both localize to
the outer edge of the cortex (17, 26).

DISCUSSION

The mechanisms that target coat proteins to the forespore
surface and assemble them into the developing coat are un-
known. SpoIVA, CotE, and SpoVID are morphogenetic pro-
teins required for the assembly of many coat structural com-
ponents or their maintenance around the forespore (3, 7, 20,
24, 32, 36). SafA belongs to this group of early morphogenetic
proteins. SafA mutants form coats that appear abnormal by
electron microscopy and that lack several polypeptide compo-
nents. Our results suggest that SafA forms a complex with
SpoVID. SafA and SpoVID accumulate during the same de-
velopmental period, in the same sporangial compartment, and
in close proximity, both located near the forespore membrane
(7; also this work). Moreover, SpoVID and SafA were coim-
munoprecipitated by either anti-SpoVID or anti-SafA anti-
serum, which indicates that they exist as a complex in an early
stage of coat assembly. Coimmunoprecipitation of SpoVID

and SafA does not necessarily indicate that these two proteins
directly interact. However, it is unlikely that their association is
simply a consequence of their location in a large macromolec-
ular structure such as the cortex or spore coat, because these
structures are not present at the stage of development when
the SpoVID-SafA complex was coimmunoprecipitated.

It is presently unknown whether the localization of either
SafA or SpoVID to the matrix requires the other protein. The
idea that SafA and SpoVID are independently sorted to the
matrix is supported by their primary structures. The first 50
residues of SafA (14) and the last 50 residues of SpoVID (our
unpublished results) consist of a motif present in several cell
wall binding proteins, including several bacterial or phage
murein hydrolases. The cell wall binding motif in SafA and
SpoVID may facilitate their deployment to the cortex-coat
interface by promoting the interaction of these proteins with
cell wall material or with cell wall precursors located in this
region. It is tempting to propose that SafA and SpoVID inter-
act with cell wall material between the two membranes of the
forespore, which is the site of synthesis of the cortex PG (4)
and a thin layer of PG known as the germ cell wall (20). The
localization of SafA and SpoVID to the matrix region seems to
precede the onset of cortex synthesis (7; also this work), which
is a late, sK-dependent event (4, 20). Moreover, the cortex PG
is not required for coat assembly, since mutants (e.g., spoVE
mutants) that appear to be deficient in cortex synthesis still
assemble an apparently normal coat around the forespore (10,
20). However, these mutant spores may have the germ cell wall
PG (20), which potentially provides a target for SafA and
SpoVID. If SafA or SpoVID interacts with PG located be-
tween the forespore membranes, then SafA must penetrate the
membrane. However, unlike most other proteins with a cell
wall binding motif (18), neither SafA nor SpoVID (3) has a
signal sequence for secretion. Sorting of other proteins to the
septal compartment involves, at least in some cases, the inter-
vention of type I signal peptidases. For example, the germina-
tion-specific SleB amidase and the CwlD protein, genetically
implicated in the hydrolysis of the spore cortex, and the TasA
protein, implicated in the assembly of the spore coat, are syn-
thesized as secretory preproteins (17, 28, 33). However, we
note that some phage-encoded proteins containing the cell wall
binding motif but not containing signal sequences are trans-
ported to the PG layer in a process dependent on holins (30).
Therefore, SafA may be initially targeted to the thin PG layer
located between the two forespore membranes known as the
germ cell wall by a holin-dependent mechanism.
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