
INTRODUCTION

BACTERIAL ENDOSPORES are remarkable forms of life. In
the state of an endospore, a bacterium can survive for

many thousands of years and can stand conditions that kill
most organisms. Endospores endure heat (boiling), desicca-
tion, radiation, high hydrostatic pressure, organic solvents,
and antibiotic agents to a much higher extent than vegetative
bacteria (44). One should note that bacteria of only a few gen-
era can form endospores and that only one spore is produced
by each bacterial cell. The process of endospore formation,
generally called sporulation, is a cell differentiation process
induced under nutrient deprivation. When conditions again
become favorable, the endospore can germinate into a vegeta-
tive cell that can grow and multiply (46). For recent reviews
on endospores and sporulation see Refs. 6, 23, 28, 44, 48, 49,
and 62. The biology and properties of endospores are of con-
siderable interest from both the basic and applied science per-
spectives (43). Depending on the circumstances, endospores
can cause, or be used to solve, practical problems. Bacillus
anthracis endospores have again recently attracted much at-
tention as a dangerous contagious agent. Endospores of bac-

terial species, such as Clostridium botulinum, Clostridium
tetani, and Bacillus cereus, cause considerable problems
within the food and health sectors of society. On the benefi-
cial side, endospores are used, for example, as pesticides, in
vaccine production, and as probiotic agents (30, 43, 56). Bac-
teria of the genera Bacillus and Clostridium are, like most
other endospore-formers, Gram-positive bacteria. The vege-
tative cell of these bacteria has outside the cytoplasmic mem-
brane a thick cell wall consisting mainly of peptidoglycan and
teichoic acids. Gram-negative bacteria, such as Escherichia
coli, have in addition an outer membrane that together with
the cytoplasmic membrane enclose a defined compartment
called the periplasm which contains the cell wall and a large
number of proteins that function specifically in this subcellu-
lar compartment. A periplasm including the outer surface re-
gion of the cytoplasmic membrane, the cell wall, and a spe-
cial repertoire of proteins is present in Gram-positive bacteria
as well but its outmost border is not clearly defined (37, 40).

Bacillus subtilis is a rod-shaped, nonpathogenic, faculta-
tive aerobic bacterium commonly found in soil. It can de-
velop natural competence which is the ability to take up
naked DNA from the environment and by recombination in-
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corporate it into its own genetic material (17). A wealth of
data is available on the genetics of sporulation, endospore
structure and chemistry, and endospore maturation and ger-
mination of B. subtilis (2, 15, 16, 23, 28, 46, 49, 50).

Bacterial sporulation has for many years been used as a rel-
atively simple but powerful model system to understand prin-
ciples of intra- and intercellular signaling and molecular
mechanisms of cell differentiation. Endospore maturation oc-
curs inside the bacterial cell, called the mother cell. The pro-
cess takes about 7 h to complete at 37°C and involves several
morphological stages (called stage I to VII) (48). More than
400 genes of the total 4,100 protein coding genes in B. subtilis
strain 168 are of importance for endospore biogenesis (35,
49). Recently it was discovered that membrane-bound
thiol–disulfide oxidoreductases (TDORs) participate in en-
dospore maturation in B. subtilis (22, 31, 58). Although the
importance of disulfide bonds in proteins is well understood
(9, 32, 55) and disulfide linkages between spore envelope pro-
teins were indicated many years ago (2), little is known about
protein thiol redox processes in sporulation. In this mini-re-
view we present the newly identified B. subtilis TDORs im-
portant for sporulation. The possible role of the enzymes in
spore synthesis in B. subtilis and other endospore-forming
bacteria is discussed. TDORs constitute a potential drug target
to inhibit endospore synthesis in bacteria and knowledge
about the role of these proteins in sporulation provides further
insight into the fascinating biological process of endospore
maturation. To provide a background before we go into the de-
tails of endospore morphology and biogenesis, we briefly de-
scribe the general properties of TDORs and provide an
overview on membrane bound TDORs in B. subtilis.

THIOL–DISULFIDE OXIDOREDUCTASES

TDORs catalyze the formation and breakage of disulfide
bonds in proteins in cells. Disulfide bonds in proteins are
under oxidative conditions formed without the involvement
of TDORs but the rate of formation is usually too slow to be
compatible with cell physiology (32, 57). Disulfide bonds
play important roles in proteins; they help stabilize the ter-
tiary or quaternary structure and they are part of catalytic or
regulatory sites (55). Stable (permanent) disulfide bonds are
not found in proteins in the cytoplasm of mesophilic organ-
isms (grow at �50°C) nor in some thermophilic bacteria (3)
because of the presence of reducing TDORs that break
disulfide bonds (32). In mesophilic bacteria stable disulfide
bonds in proteins are almost exclusively found on the outer
side of the cytoplasmic membrane, in proteins associated
with the cell envelope or excreted from the cell (9, 55). Cys-
teine residues in polypeptides secreted unfolded through the
cytoplasmic membrane by the Sec translocon are in the re-
duced state during transport. Bacteria contain TDORs on
the outer side of the cytoplasmic membrane (soluble in the
periplasm or tethered to the membrane) that catalyze disul-
fide bond formation in newly secreted polypeptides.

TDORs contain one pair of cysteine residues in the active
site. These two cysteinyls are either located in a sequence
motif, –CysXaaYaaCys–, called a thioredoxin-like motif, or
are far apart in the primary structure of the polypeptide to be-

come close in the fully folded polypeptide. TDORs generally
lack overall sequence similarity (55) but have in many cases a
common three-dimensional fold called the thioredoxin-like
fold consisting of a five stranded �-sheet surrounded by four
�-helices (29). To catalyze the breakage of a disulfide bond
the two active site cysteine residues in the TDOR must be in
the reduced state. The thiolate group of one of the cysteine
residues makes a nucleophilic attack on the disulfide bond in
the substrate protein resulting in an intermolecular disulfide
bond between the two proteins. A nucleophilic attack by the
second thiolate in the TDOR breaks the intermolecular disul-
fide bond resulting in a disulfide bond in the TDOR and a
dithiol (reduced) substrate protein. The disulfide in the TDOR
must then be reduced by some means for the enzyme to per-
form another round of catalysis. Whether a TDOR has a re-
ducing or an oxidizing function is determined in part by the
redox potential of the active site, which is determined mainly
by the pKa value of the most exposed thiol (42). The N-termi-
nal cysteinyl in the –CysXaaYaaCys– motif is generally more
exposed to the surface of the protein and therefore is more nu-
cleophilic than the second cysteinyl and has a lower pKa value.

OVERVIEW OF MEMBRANE-BOUND
THIOL–DISULFIDE 

OXIDOREDUCTASES IN B. SUBTILIS

Eight membrane-bound TDORs have thus far been iden-
tif ied in B. subtilis (Fig. 1). These proteins function in
widely different cellular processes; synthesis of cy-
tochrome c (20, 59), development of competence (21, 39),
production of an antibiotic (13), and endospore maturation
(22, 31, 58). Common to the eight proteins is that they
function in thiol–disulfide oxidoreductase reactions on the
outer side of the cytoplasmic membrane. The BdbA, BdbD,
ResA, StoA, and YneN proteins constitute a family of
bitopic membrane-bound TDORs (5, 20–22, 31, 39). They
are anchored to the membrane by one N-terminal trans-
membrane �-helical segment and have a thioredoxin-like
ecto-domain of 100–150 residues (including a –CysX-
aaYaaCys– sequence motif) exposed on the outer side of
the membrane. The BdbB, BdbC, and CcdA proteins in
contrast, are polytopic membrane proteins that oxidize 
or reduce other TDORs. BdbB and BdbC are paralogs 
having four transmembrane �-helical segments and a
–CysXxaYaaCys– motif in the loop connecting transmem-
brane segments I and II exposed on the outer side of the
membrane (Fig. 1). CcdA has six transmembrane segments
and lacks a thioredoxin-like sequence motif (12, 60). A
physiological function has been assigned to all the identi-
fied B. subtilis TDORs except for the YneN protein. An
yneN knockout mutant is normal in sporulation (22).

OXIDIZING TDORS IN 
B. SUBTILIS MEMBRANES

BdbC together with BdbD constitutes a system that, with
apparently broad substrate specificity, efficiently catalyzes the
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formation of disulfide bonds in a variety of proteins on the
outer side of the cytoplasmic membrane. Stable disulfide
bonds have so far only been found in four B. subtilis proteins;
three Com proteins and the lantibiotic Sublancin 168 that is se-
creted by vegetative cells. ComGC, ComGG, and ComEC
function in the uptake of DNA from the environment (14, 17).
The former two proteins are located in the cell wall of the bac-
terium. ComGC forms a pseudopilus complex, whereas
ComEC forms a DNA uptake pore in the cytoplasmic mem-
brane. Functional ComGC and ComEC each have one in-
tramolecular disulfide bond. ComGG is a homodimer with one
intermolecular disulfide bond. Sublancin 168 has two disulfide
bonds and one thioether lanthionine bond (47). Disulfide bond
formation in the Com proteins is catalyzed by BdbD on the
outer side of the cytoplasmic membrane. Consequently, BdbD-
deficient mutants are defective in competence (21, 39). BdbD
apparently also catalyzes disulfide bond formation in apo-cy-
tochrome c polypeptides and, as will be presented later in this
mini-review, in not yet identified component(s) important for
spore cortex formation. The gene for Sublancin 168, sunA, is
encoded by the prophage SP� which is found in the chromo-
some of many B. subtilis strains. Clustered with sunA on the
prophage genome are the bdbA and bdbB genes which encode
a BdbD and a BdbC paralog, respectively. BdbA and BdbB
probably function together to catalyze disulfide bond forma-
tion in the Sublancin 168 polypeptide (13).

The sequence of the membrane-extrinsic domain of BdbD
is similar to bacterial thioredoxin and contains a –CysProSer-
Cys– active site sequence (21, 39). B. subtilis BdbD is an ana-
log of the well-characterized water-soluble E. coli DsbA pro-
tein that functions as a general disulfide oxidase in the
periplasm (32, 55). Reduced DsbA is oxidized by DsbB
which is located in the E. coli cytoplasmic membrane. DsbB
is in turn oxidized by the reduction of quinone (32). B. sub-
tilis BdbB and BdbC are both E. coli DsbB homologs and the
available experimental data suggests that they function to ox-
idize BdbA and BdbD, respectively (21, 39). Four cysteine
residues in the two extracytoplasmic domains and an arginine
residue are conserved in these proteins (Fig. 1). Two of the
cysteine residues in BdbB/BdbC are located in a thioredoxin-
like motif. The conserved arginine residue is located close to
this motif and, based on the similarity to E. coli DsbB, is

probably important for the interaction of these TDORs with
menaquinone in the B. subtilis membrane.

REDUCING TDORS IN 
B. SUBTILIS MEMBRANES

CcdA, ResA, and StoA are in vivo thought to break or iso-
merize disulfide bonds. The CcdA protein is similar to the
central part (the �-domain) of E. coli DsbD and has two con-
served cysteine residues both in a –ProCys– motif (Fig. 2).
One such motif is located towards the cytoplasmic side in
transmembrane segment I and the other is in transmembrane
segment IV, close to the extracytoplasmic side. How these
two cysteine residues, that are required for the function of
CcdA and DsbD (12), form an active site is unknown. E. coli
DsbD is much larger than CcdA. DsbD has an N-terminal �-
domain with an immunoglobulin-like fold, and a C-terminal
�-domain with a thioredoxin-like fold and a –CysXaaYaa-
Cys– motif (Fig. 2). E. coli DsbD functions as a transmem-
brane thiol disulfide transporter and reduces TDORs in the
periplasm, the water-soluble DsbC and DsbG and the mem-
brane-bound CcmG (32). Electrons donated by thioredoxin in
the cytoplasm are transported across the membrane via the �-
domain to the �-domain and finally to the �-domain which is
the electron donor to the periplasmic substrates of DsbD (33).
It has been demonstrated with recombinant DsbD that the
three domains, when synthesised individually, assemble into
a functional enzyme in the membrane. B. subtilis CcdA can
be viewed as a naturally occurring isolated �-domain and an
evolutionary precursor to the DsbD-like proteins (34).

Based on the similarities to the well-characterized E. coli
DsbD protein (34), B. subtilis CcdA most likely accepts elec-
trons from thioredoxin (TrxA) in the cytoplasm and transfers
them to TDORs on the outer side of the membrane to reduce
disulfide bonds (Fig. 2). The ResA protein is thought to be re-
duced by CcdA and functions in cytochrome c synthesis (20).
The membrane extrinsic domain of ResA has a thioredoxin-
like fold (10). B. subtilis contains four c-type cytochromes
that all are membrane bound (63). On the outer side of the cy-
toplasmic membrane ResA is supposed to keep the two cys-

FIG. 1. Membrane-bound thiol–disulfide oxidoreductases identified in B. subtilis. Five similar bitopic thiol–disulfide oxi-
doreductases with a thioredoxin-like membrane-extrinsic domain containing a -CysXaaYaaCys- sequence motif are anchored to
the membrane by one N-terminal transmembrane helix. Among the three polytopic proteins, BdbB and BdbC are closely related.
Positions of conserved cysteine and arginine residues in the polytopic proteins are indicated. The outer and inner sides of the cy-
toplasmic membrane are indicated + and �, respectively.
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teine residues in the heme binding site (–CysXaaYaa-
CysHis–) of apocytochrome c reduced to allow heme to be-
come covalently bound (10, 20). ResA can be regarded as
corresponding to the �-domain of DsbD and might form a
stable functional complex with CcdA in the membrane. A B.
subtilis protein corresponding to the �-domain of DsbD has
not been found. CcdA-like proteins are also found in chloro-
plasts (45) and some bacteria, such as Rhodobacter capsula-
tus, contain both a CcdA and a DsbD (12).

CcdA was the first membrane-bound TDOR to be identi-
fied in a Gram-positive bacterium (60). The ccdA gene was
found mutated in B. subtilis isolates defective in cytochrome
c synthesis. Subsequent studies showed that CcdA-deficient
strains are also defective, but not completely blocked, in syn-
thesis of heat-resistant endospores (58). This defect is not due
to cytochrome c deficiency and indicated multiple roles of
CcdA (58). As a result of systematic inactivation of B. subtilis
genes of unknown function and those encoding putative
TDORs in B. subtilis, the StoA protein was found to function
in endospore synthesis (22, 31). Endospores produced by
CcdA- and StoA-deficient strains carry envelope defects.
Due to its involvement in sporulation, the StoA protein is also
called SpoIVH (31). The remaining part of this mini-review
concerns the role of CcdA and StoA/SpoIVH in endospore
synthesis in B. subtilis and related Gram-positive bacteria.

ENDOSPORE STRUCTURE 
AND COMPOSITION

Endospores have several layers, or shells, that protect the
central spore core that harbors the chromosome and corre-
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sponds to the cytoplasm of the vegetative cell (Fig. 3, left
hand panel). A membrane, analogous to the cytoplasmic
membrane of the vegetative cell, encloses the core. A thick
peptidoglycan layer, called the cortex, is located outside this
membrane. The cortex layer is missing in the heat-sensitive
spores produced by CcdA- and StoA-defective mutants. The
next layer of the endospore is the coat which exhibits an outer
and an inner coat layer. The coat is a major protectant of the
spore against damaging chemicals and enzymes (15). The
cortex and the coat layers are needed for two apparently op-
posing functions; in addition of being protective structures
essential for resistance and dormancy of the endospore they
are critical for the response of spores to molecules that trigger
the germination process (15, 46). Endospores of some bacte-
ria (e.g., B. anthracis) have an additional outermost layer
called exosporium. The coat contains at least 40 different pro-
teins, many of which are rich in cysteine residues. Coat pro-
teins in the mature endospore are to some extent locked to-
gether by different types of covalent linkages. Some of these
links appear to be disulfide bridges (2, 36). The formation of
these putative bridges is expected to be catalyzed by TDORs
but there is no evidence indicating that CcdA or StoA is in-
volved in that process.

ENDOSPORE BIOGENESIS

Sporulation is an irreversible process. Once initiated the
cell cannot turn back to the vegetative state unless sporula-
tion is completed. The onset of sporulation in a bacterial cul-
ture is therefore a critical decisive step. To access more nutri-
ents and eventually delay initiation of sporulation some cells
in the population cannibalize other bacteria (27). Spo0A is

FIG. 2. Comparison of the overall structure and function of (A) B. subtilis CcdA and (B) E. coli DsbD. The approximate po-
sitions of conserved cysteine residues are indicated. The direction and pathway of electron flow is indicated by arrows. The outer
and inner sides of the cytoplasmic membrane are indicated + and �, respectively. The figure is based on a drawing published by
Katzen et al. (34).
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FIG. 3. Electron micrographs showing the morphol-
ogy of a B. subtilis endospore inside mother cells of a
wild-type, a CcdA-defective, and a StoA-defective
strain. The cortex layer in the wild-type endospore is in-
dicated by an arrow. In the case of the mutant en-
dospores, the arrow indicates the lack of cortex.

FIG. 4. Schematic drawing of endospore morphogenesis in bacteria. Early after initiation of sporulation in a vegetative cell
an asymmetric septum is formed. The forespore receives a copy of the chromosome and is then engulfed by the mother cell re-
sulting in a “cell within a cell.” The endospore protective layers, cortex, and coat consisting mainly of peptidoglycan and protein,
respectively, are then assembled. The mature endospore, which is metabolically dormant, is finally released by lysis of the mother
cell. By the process of germination and outgrowth the endospore is transformed to a vegetative cell.
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the master transcription regulator for initiation of sporula-
tion. It is activated by phosphorylation on an aspartate
residue, an event that in turn is controlled by a protein phos-
phorelay that integrates physiological and environmental sig-
nals (23, 49). Active Spo0A triggers asymmetric division of
the cell and induce key transcription regulators. Asymmetri-
cal cell division early during sporulation produces two cells
with different fates; the mother cell and the smaller forespore
(Fig. 4). The forespore develops into an endospore while the
mother cell lyses after spore formation is complete. Until
then the mother cell is necessary for the maturation of the
spore. Approximately 1 h after the asymmetric division of the
cell, the forespore is engulfed by the mother cell. This results
in an organelle (the forespore) enclosed by two membranes
within the mother cell cytoplasm. The cortex is deposited be-
tween these two membranes, whereas the coat is assembled
on the outer side of the outer forespore membrane. Endospore
maturation requires communication between the forespore
and the mother cell as well as directed transport of biosyn-
thetic material from the mother cell to the forespore.

Sporulation includes a cascade of sigma factors that medi-
ate coordinated temporal expression of genes in the mother
cell and the forespore (28, 48, 49). �F and �E are produced in
inactive form in the predivisional cell. After division of the
cell into mother cell and forespore, �F is by a transmembrane
mechanism activated in the forespore. �F in turn controls acti-
vation of �E in the mother cell. After engulfment of the fores-
pore, �G is activated in the forespore. Activation of �G is under
the dual control of events in the forespore and in the mother
cell by the actions of �F and �E. Active �G is needed for the ac-
tivation of the mother cell specific sigma factor �K whose ac-
tivation also is under the control of �E. The main vegetative
sigma factor, �A, continues to be active in the mother cell and
the forespore both before and after engulfment.

The �F regulon is relatively small but includes genes for
many important regulatory factors. �E directs the transcrip-
tion of an unusually large regulon comprising at least 262
genes (18). Among these are genes encoding proteins that

828 MÖLLER AND HEDERSTEDT

function in mother cell metabolism, synthesis of spore cortex,
and early stage coat assembly. The DNA-binding protein
SpoIIID is under the control of �E and regulates, positively or
negatively, the transcription of many other �E-dependent
genes (18). The �G regulon comprises genes for proteins that
accumulate in the forespore and protect the genome of the
mature endospore from damage and are needed for germina-
tion. Expression of most genes for spore coat proteins is di-
rected by �K. In general, protein components of the develop-
ing spore are synthesised in the compartment where they
function (48). However, those active in the forespore inter-
membrane space are exceptional because they are entirely or
in part exported from the mother cell cytoplasm or the fore-
spore core compartment.

CORTEX STRUCTURE AND SYNTHESIS

The spore cortex is like the cell wall of vegetative cells
composed of peptidoglycan (24, 38). Peptidoglycan determines
cell shape and provides resistance against the turgor of the cell
cytoplasm. The basic structure of peptidoglycan is long glycan
strands, made up of alternating disaccharide residues of N-
acetyl-glucosamine (NAG) and N-acetyl-muramic acid
(NAM), cross-linked via peptide side chains (Fig. 5). Each
NAM residue carries a peptide side chain of which approxi-
mately 40% are involved in interstrand peptide cross-linking to
form a network of peptidoglycan chains. The peptidoglycan of
the endospore is composed of two adjacent structures; a thin
inner layer called the germ cell wall and a thicker outer layer
which is the cortex. Germ cell wall peptidoglycan is very simi-
lar to that of the vegetative cell wall and serves as primer for
cell wall synthesis during spore outgrowth (38, 51, 53). Cortex
peptidoglycan differs from peptidoglycan of vegetative cells by
the absence of teichoic acids and fewer peptide side chains and
less cross-linking of the glycan strands. Furthermore, about
half of the NAM residues in the cortex lacks a peptide side
chain and are ring closed to form muramic-�-lactam (MAL)

FIG. 5. Unit of glycan strand in endospore cortex peptidoglycan. Alternating residues of N-acetyl-glucosamine (NAG),
muramic-�-lactam (MAL), and N-acetyl-muramic acid (NAM) are � 1–4 linked to form a linear polymer. Different glycan strands
are cross-linked via peptide chains of NAM residues.
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(52, 53). During spore germination the cortex is rapidly de-
graded by autolysins (4, 25, 41). Absence of cortex structure in
endospores of mutants as determined by electron microscopy
thus can be the result of defective cortex synthesis or prema-
ture hydrolysis of cortex or both.

Synthesis of spore peptidoglycan starts about 3 h after the
onset of sporulation and occurs in the space between the inner
and outer membranes of the forespore (50). Cell wall precur-
sors, in the form of NAG–NAM–pentapeptides, are made in
the cytoplasm of the mother cell, and to some extent probably
also in the forespore, and are transported to the intermem-
brane space linked to Lipid II. How cortex synthesis is accom-
plished from these precursors is not understood in any detail
and little information is available about proteins present in the
intermembrane compartment during cortex synthesis (16, 50,
61). Understanding the roles of CcdA and StoA in endospore
synthesis would lead to better knowledge about cortex biogen-
esis. The spore germ cell wall seems synthesized by proteins
on the surface of the inner forespore membrane (26). Cortex is
thought to be synthesized with germ cell wall as template by
proteins present on the surface of the outer forespore mem-
brane (50). Based on knowledge available on vegetative cell
wall synthesis morphogenic proteins, such as SpoVE (a RodA
paralog), most likely dictate the formation of the cortex pepti-
doglycan three-dimensional architecture and activities of vari-
ous penicillin-binding proteins that are glycosyl transferases,
transpeptidases, and peptidases in peptidoglycan synthesis (8).
A handful of different penicillin-binding proteins have been
found associated with B. subtilis spores. Several of these, for
example PBP1 (PonA), PBP2a (PbpA), and PBP3 (PbpC), ap-
parently function both in vegetative cell wall synthesis and
spore cell wall synthesis (7). Others, such as SpoVD (a PBP3
paralog), PBP5* (DacB), and DacF, are specific for cortex syn-
thesis (11, 16). Notably, membrane proteins like SpoVE and
SpoVD contain cysteine residues that are conserved in ortholo-
gous proteins in other spore-forming bacteria. The localization
of individual membrane-bound proteins to the inner or outer
forespore membrane can be deduced from the sigma-factor de-
pendency of the corresponding genes. For example, expression
of the spoVE, spoVD, and dacB genes is dependent on �E activ-
ity and therefore SpoVE, SpoVD, and DacB are most likely
synthesized in the mother cell and inserted into the outer fore-
spore membrane. DacF is probably located in the inner fore-
spore membrane since the dacF gene is under �F control.

WHAT ARE THE ROLES OF SToA AND 
CcdA IN ENDOSPORE MATURATION?

CcdA- and StoA-negative mutants produce heat-sensitive
endospores lacking cortex as determined by electron mi-
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croscopy (22, 31) (Fig. 3). The ccdA gene is transcribed from
a relatively weak �A-promoter, whose activity increases in
early stationary phase (58). The amount of membrane bound
CcdA polypeptide peaks about 1 h into stationary phase (i. e.,
at about the onset of sporulation) (58). Synthesis of CcdA
and its subcellular localization during sporulation has not
been investigated. It seems likely that CcdA is present in one
or perhaps both forespore membranes. In the outer forespore
membrane CcdA could transport electrons from thioredoxin
in the mother cell to components in the forespore intermem-
brane space.

The stoA gene is located in a di-cistronic operon together
with the ykvU gene (Fig. 6). YkvU is predicted to be a mem-
brane protein with twelve transmembrane segments and, in-
terestingly, shows sequence similarity to the SpoVB protein
that is required for cortex formation (54). YkvU contains
four cysteine residues, one of which seems conserved in
SpoVB, and localizes to the sporulation septum and is later
found in the outer forespore membrane (19). These facts
combined suggest that StoA and YkvU functionally interact.
However, as determined from the properties of knockout mu-
tants, YkvU is not very important for synthesis of heat-
resistant spores (22, 31). Recently it was shown that YkvU
functions in germination but the precise role of the protein is
unclear (1).

The ykvU–stoA operon has two promoters, one upstream of
ykvU and one internal promoter upstream of stoA (Fig. 6)
(31). The ykvU promoter is under the control of �E and is neg-
atively regulated by the SpoIIID DNA-binding protein. The
stoA promoter is under the control of �G. This transcriptional
organization suggests that during endospore development
stoA is expressed both in the mother cell and in the forespore,
whereas ykvU only is expressed in the mother cell. Moreover
ykvU–stoA di-cistronic mRNA is probably produced only for
a short period as its expression is repressed by the SpoIIID
protein in the mother cell compartment. StoA protein synthe-
sized in the mother cell would be incorporated into both the
cytoplasmic membrane of the mother cell and the outer mem-
brane of the forespore if there is no mechanism of directed
membrane protein insertion. When synthesized in the fore-
spore, StoA will only be localized to the inner forespore
membrane. Irrespective of where StoA is synthesized the
thiol–disulfide catalytic domain will be located in the inter-
membrane space of the forespore. Imamura et al. (31) dem-
onstrated that if stoA is expressed from the �E promoter alone
(StoA only produced in the mother cell), heat-resistant en-
dospores are formed at a very low efficiency. If the gene is
expressed from a �G promoter (StoA produced in the fores-
pore), near wild-type amounts of heat-resistant endospores
are formed. Thus, for efficient cortex synthesis it seems more
important to have StoA close to the inner than to the outer
forespore membrane. Imamura et al. also showed that StoA is

FIG. 6. The ykvU–stoA operon
in the B. subtilis chromosome.
Bent arrows denote promoters de-
pendent on the indicated sigma
factors for activity. A transcription
terminator is indicated after stoA.
Alternative names for the stoA
gene is ykvV and spoIVH.
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functional in the intermembrane space also without its mem-
brane anchor (31).

The endospore developmental program in CcdA- and
StoA-deficient cells is essentially normal as judged from
analysis of the sigma-factor cascade (22, 58) except perhaps
for �K dependent genes (31, 58). Endospore maturation in the
absence of CcdA results in 1%–5% of the normal yield of
heat-resistant spores produced from a culture. Lack of StoA
brings this number down to 0.05%. A CcdA StoA double-
deficient mutant shows an approximately cumulative defect
producing about 0.006% heat resistant endospores compared
to wild type. The heat-sensitive endospores of the respective
single mutant and the double mutant lack visible cortex (22),
but the germ cell wall seems intact (unpublished data) as de-
termined by electron microscopy of negatively stained spores.
The morphological data suggest that StoA and CcdA are in-
volved in the same process in endospore maturation.

BdbC and BdbD are not required for efficient production
of normal endospores in B. subtilis. However, BdbD- or
BdbC-deficiency suppresses the sporulation defect of CcdA-
and StoA-negative mutants (21, 22). In other words, the re-
quirement of CcdA and StoA for efficient synthesis of heat-
resistant spores is conditional. This finding together with the
assumed disulfide-reductive properties of CcdA and StoA,
indicate that functional BdbCD is present in the intermem-
brane space of the forespore and there catalyze disulfide bond
formation in components important for cortex synthesis.
CcdA and StoA apparently counteract BdbCD activity and
break these bonds. The much stronger effect on cortex syn-
thesis by StoA-deficiency compared to CcdA-deficiency in-
dicates that CcdA has a more peripheral role. The leaky
phenoptype of CcdA- and StoA-deficient cells with the pro-
duction of a low amount of heat-resistant endospores, proba-
bly result from the fact that the BdbCD system is not 100%
effective in introducing disulfide bonds in target proteins and
that disulfide bonds can be broken in the forespore envelope
by CcdA- and StoA-independent factors or proteins that to
some degree substitute for the function of CcdA or StoA. We
have not detected a CcdA paralog in B. subtilis and only
found suppressor mutations in bdbC or bdbD. Furthermore,
ResA cannot complement for StoA deficiency (22).

MEMBRANE-BOUND THIOL–DISULFIDE
OXIDOREDUCTASES IN ENDOSPORE-

FORMING BACTERIA OTHER 
THAN B. SUBTILIS

Based on the physiological role of StoA one would expect
to find this protein only in endospore-forming bacteria that
contain BdbD or a similar oxidizing TDOR. Except for the
case of Clostridium acetobutylicum, all available complete
genome sequence of endospore forming Gram-positive bacte-
ria (TIGR database; June 2005) contain genes for membrane-
bound TDORs similar to one or several of those (Fig. 1) pres-
ent in B. subtilis. Bacillus species contain at least one gene
encoding a protein with similarity to either B. subtilis BdbB
or BdbC and located just upstream of a gene for a BdbA or
BdbD homolog. Interestingly, all Bacillus species, except B.
subtilis and B. licheniformis, have a bdbA-like gene adjacent
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to a bdbC-like gene. In B. cereus and B. anthracis, the bdbD-
like gene is located downstream of a gene for a putative
penicillin-binding protein (a PBP1/PBP2/PBP4 ortholog),
which, however, contains no cysteine residues. Proteins simi-
lar to BdbB and BdbC are not found in Clostridium species.

For the TDORs with a single transmembrane segment
(those similar to B. subtilis ResA, StoA, BdbA, BdbD, or
YneN), sequence comparisons provide in most cases little in-
formation about the specific function. However, the function
can in some cases be determined from the gene context. For
example, the resA gene is only found in aerobic cytochrome
c-containing bacteria and in a resA–resB–resC–resD–resE
gene cluster. Genes encoding proteins with sequence similar-
ity to B. subtilis StoA and YneN are widespread among en-
dospore-formers but only in the case of B. licheniformis can
stoA be identified from the gene context (colocalization with
ykvU). In the other cases one can only speculate whether the
encoded protein corresponds to YneN, StoA, or to a TDOR
with some other function. Genes encoding YneN-like pro-
teins are found in one of three alternative contexts. In some
bacteria the gene is located downstream of the citB gene (en-
codes aconitase). This is the case in B. subtilis, B. licheni-
formis, and Oceanobacillus iheyensis. In other bacteria, such
as B. cereus, B. anthracis, Geobacillus kaustophilus, and C.
tetani, the gene is located adjacent to a gene for a CcdA-like
protein. G. kaustophilus has two variants of genes encoding
StoA/YneN-like proteins. In one case the gene is cotran-
scribed with the ccdA-like gene and in the other case it is
transcribed in the opposite direction of another ccdA-like
gene. An extreme variant is found in Clostridium perfringens
which apparently contains a CcdA-YneN/StoA fusion pro-
tein. The third variant is bacteria in which the gene for YneN
shows a random localization on the chromosome.

Two chromosomal genes encoding proteins similar to B.
subtilis CcdA seem to be a common feature of endospore
forming bacteria and is found in for example B. licheniformis,
B. cereus, and B. anthracis. Notably, G. kaustophilus contains
three such genes. In Bacillus species one of the genes is lo-
cated in the same context as the single B. subtilis ccdA gene,
whereas the second gene is linked to a gene for an YneN-like
protein as was mentioned before. The CcdA- and YneN-like
proteins encoded by the same operon most likely function as
a pair; the CcdA ortholog would be the electron donor to the
thioredoxin domain of the YneN ortholog.

FUNCTIONAL MODEL FOR SToA AND
CcdA IN ENDOSPORE SYNTHESIS

During endospore maturation, the forespore can be re-
garded as an intracellular organelle. Membrane proteins in
the two membranes of the forespore are presumably in a more
reducing environment compared to those in the cytoplasmic
membrane of the mother cell or the vegetative B. subtilis cell.
This difference is due to the reducing environment of the
mother cell cytoplasm that completely surrounds the fore-
spore. Another notable aspect is that substrates for biosyn-
thetic purposes and energy metabolism in the forespore must
be transported from the mother cell cytoplasm to the fores-
pore. A multitude of enzyme activities and transport func-
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tions are therefore probably required for cortex synthesis in
the intermembrane space.

Taken together, the available data on StoA strongly indicate
that its oxidoreductase domain is located in the forespore inter-
membrane compartment where peptidoglycan is polymerized to
form the thick cortex layer of the mature endospore (Fig. 7).
StoA most likely catalyzes the breakage of disulfide bonds in (or
between) proteins that might function in transport, in assembly
of protein complexes, in regulation of cortex synthesis, or di-
rectly in cortex synthesis. Disulfide bonds in these proteins are
formed by the action of the BdbCD system and somehow block
or interfere with their function. In the absence of a thiol-oxidiz-
ing system StoA plays no critical role for normal endospore syn-
thesis. The disulfide bonds formed by the action of BdbCD and
broken by StoA are presumably located in protein domains ex-
posed to the intermembrane space of the forespore. Proteins
such as SpoVD and SpoVE have like StoA a sporulation-spe-
cific and important role in cortex peptidoglycan synthesis.
SpoVD and SpoVE contain cysteine residues predicted to be ex-
posed to the inter-membrane space of the forespore. The impor-
tance of these cysteine residues for function are not known.

In order for StoA to act as an efficient reducing TDOR in
the intermembrane space of the forespore there must be an
electron donor protein (Fig. 7). CcdA possibly has this func-
tion. Maturation of endospores to a heat-resistant state occurs
at 1%–5% efficiency compared to normal in the absence of
CcdA. In the absence of StoA the efficiency is 100-fold lower
and in a CcdA StoA double-deficient mutant it is 1000-fold
lower. These relative numbers are reasonable if StoA directly
interacts with the target proteins to function as a specific
disulfide reductase. In the absence of CcdA, the StoA protein
would still be active but not be efficiently re-reduced. This
would result in a less accentuated phenotype compared to that
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resulting from StoA-deficiency. The challenge is now to iden-
tify the cysteine-containing proteins that in the intermem-
brane compartment of the forespore are kept reduced by StoA
and demonstrate thiol–disulfide exchange in vivo between
StoA and CcdA and between StoA and these proteins.
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