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CotE is a morphogenic protein that controls the assembly of the coat, the proteinaceous structure that
surrounds and protects the spore of Bacillus subtilis. CotE has long been thought to interact with several outer
coat components, but such interactions were hypothesized from genetic experiment results and have never been
directly demonstrated. To study the interaction of CotE with other coat components, we focused our attention
on CotC and CotU, two outer coat proteins known to be under CotE control and to form a heterodimer. We
report here the results of pull-down experiments that provide the first direct evidence that CotE contacts other
coat components. In addition, coexpression experiments demonstrate that CotE is needed and sufficient to
allow formation of the CotC-CotU heterodimer in a heterologous host.

The spore of Bacillus subtilis is a dormant cell, resistant to
harsh conditions and able to survive extreme environmental
conditions (25). Spores are produced in a sporangium that
consists of an inner cell, the forespore, that will become the
mature spore and an outer cell, the mother cell, that will lyse,
liberating the mature spore (18, 26). Resistance of the spore to
noxious chemicals, lytic enzymes, and predation by soil proto-
zoans is in part due to the coat, a complex, multilayered struc-
ture of more than 50 proteins that encases the spore (5, 8, 13).
Proteins that constitute the coat are produced in the mother
cell and deposited around the outer membrane surface of the
forespore in an ordered manner (8).

A small subset of coat proteins have a regulatory role on the
formation of the coat. Those proteins, referred to as morpho-
genic factors, do not affect the synthesis of the coat compo-
nents but drive their correct assembly outside of the outer
forespore membrane (8). Within this subset of regulatory coat
proteins, SpoIVA and CotE play a crucial role. SpoIVA (6, 20,
23) is assembled into the basement layer of the coat and is
anchored to the outer membrane of the forespore through its
C terminus that contacts SpoVM, a small, amphipathic peptide
embedded in the forespore membrane (16, 21, 22). A spoIVA-
null mutation impairs the assembly of the coat around the
forming spore, and as a consequence, coat material accumu-
lates in the mother cell cytoplasm (23).

CotE (28) assembles into a ring and surrounds the SpoIVA
basement structure. The inner layer of the coat is then formed
between the SpoIVA basement layer and the CotE ring by coat
components produced in the mother cell that infiltrate through
the CotE ring, while the outer layer of the coat is formed
outside of CotE (6). However, not all CotE molecules are
assembled into the ring-like structure, and CotE molecules are
also found in the mother cell cytoplasm, at least up to 8 h after

the start of sporulation (3). CotE was first identified as a
morphogenic factor in a seminal study in which an ultrastruc-
tural analysis indicated that a cotE-null mutation prevented
formation of the electron-dense outer layer of the coat while it
did not affect inner coat formation (28). A subsequent mu-
tagenesis study has revealed that CotE has a modular structure
with a C-terminal domain involved in directing the assembly of
various coat proteins, an internal domain involved in the tar-
geting of CotE to the forespore, and a N-terminal domain that,
together with the internal domain, directs the formation of
CotE multimers (17). More recently, formation of CotE mul-
timers has been also confirmed by a yeast two-hybrid approach
(14). In a global study of protein interactions in the B. subtilis
coat, performed by a fluorescence microscopy analysis of a
collection of strains carrying cot-gfp fusions, CotE has been
proposed to interact with most outer coat components (12).

From those and other studies, the interactions of CotE with
coat structural components have been exclusively inferred on
the basis of genetic experiment results, i.e., cotE mutants that
failed to assemble one or more coat components. Evidence of
a direct interaction between CotE and another coat compo-
nent has never been provided. We addressed this issue by using
as a model two coat components, CotC and CotU, known to be
controlled by CotE and to form a heterodimer (10, 28).

CotC is an abundant, 66-amino-acid protein known to as-
semble in the outer coat in various forms: a monomer of 12
kDa, a homodimer of 21 kDa, and two less abundant forms of
12.5 and 30 kDa, probably due to posttranslational modifica-
tions of CotC (9). CotU is a structural homolog of CotC of 86
amino acids. The two proteins, which share an almost identical
N terminus and a less conserved C terminus, interact, origi-
nating the formation of a heterodimer of 23 kDa (10). Het-
erodimer formation most likely requires a B. subtilis-specific
factor since it does not occur in Escherichia coli or Saccharo-
myces cerevisiae (10). CotC and CotU are synthesized in the
mother cell compartment of the sporulating cell but do not
accumulate there since they are immediately assembled
around the forming spore (10). In a strain carrying a cotE-null
mutation, CotC and CotU, together with all other outer coat
components, do not assemble around the forming spore (10).
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CotC and CotU are also dependent on CotH, an additional
morphogenic factor involved in coat formation (9). A cotH-null
mutation prevents CotC and CotU assembly in the coat as well
as their accumulation in the mother cell cytoplasm (10). Since
a mutation causing cotH overexpression allows CotC and CotU
accumulation in the mother cell cytoplasm (1), it has been
proposed that CotH acts by stabilizing CotC and CotU in the
mother cell cytoplasm (1, 10).

Here we provide the first direct evidence that CotE interacts
with two other coat components, CotC and CotU, and show
that CotE is essential and sufficient to mediate CotC-CotU
interaction to form a heterodimer.

MATERIALS AND METHODS

Bacterial strains and transformation. B. subtilis strains used in this study are
listed in Table 1. Plasmid amplification for subcloning experiments, nucleotide
sequence analysis, and transformation of Escherichia coli competent cells were
performed with E. coli strain DH5� (24). E. coli strain BL21(DE3) (Novagene)
was used for protein overexpression. Bacterial strains were transformed by pre-
viously described procedures: CaCl2-mediated transformation of E. coli compe-
tent cells (24) and two-step transformation of B. subtilis (4).

Genetic and molecular procedures. Isolation of plasmids, restriction digestion,
and ligation of DNA were carried out by standard methods (24). Chromosomal
DNA from B. subtilis was isolated as described elsewhere (4). A spoIVA cotE
double mutant was obtained by transforming a competent cell of strain 67
(spoIVA) (Table 1) with chromosomal DNA extracted from strain BZ213
(cotE::cat), generating strain RH263.

Sporulating cells lysates and immunoblot analysis. Sporulation of all B. sub-
tilis strains was induced by the exhaustion method (4). Sporulating cells were
harvested after 8 and 10 h from the onset of sporulation, and mother cells and
forespore fractions were isolated as described before (10). Whole-cell lysates of
sporulating cells were prepared by sonication (10) followed by detergent treat-
ment (62.5 mM Tris-HCl [pH 6.8], 4% SDS, 5% glycerol, 2% �-mercaptoetha-
nol, 0.003% bromophenol blue) at 100°C for 7 min. Fifty micrograms (mother
cell extract or whole-cell lysates) or 15 �g (forespore extract) of total proteins
was subjected to immunoblot analysis with the anti-CotC or anti-CotU antibod-
ies as described previously (10), except that polyvinylidene difluoride membranes
were used instead of nitrocellulose.

Overproduction of six-His-tagged and untagged CotE. To overexpress CotE in
E. coli, the coding region of the cotE gene was PCR amplified using the B. subtilis
chromosomal DNA as a template and oligonucleotides E-rbs-PstI-F (CTGCAG
TTTAAGAAGGAGATATACATATGTCTGAATACAGGGAAT [PstI and
NdeI restriction sites are underlined, and the ribosome binding site is italicized])
and E-STOP (CCAAGCTTATTCTTCAGGATCTCCCAC [HindIII restriction
site is underlined]) as primers. The amplification product of 582 bp was digested

with NdeI and HindIII and ligated to the same sites of the expression vector
pRSETB (Invitrogen), to obtain pRH134. By digesting pRSETB with NdeI the
His tag present on the vector was removed.

To overexpress a six-His-tagged copy of CotE in E. coli, the coding region of
the cotE gene was amplified by PCR using B. subtilis chromosomal DNA as a
template and oligonucleotides E-NdeI-F (TAGGAATTCCATATGTCTGAAT
ACAGGGAAT [underlined is the EcoRI restriction site]) and E-STOP (CCA
AGCTTATTCTTCAGGATCTCCCAC [underlined is the HindIII restriction
site]) as primers. The amplified fragment of 564 bp was digested with EcoRI and
HindIII and ligated to plasmid pRSETB (Invitrogen), previously digested with
the same enzymes. The recombinant plasmid, pAP18, carried the cotE coding
region fused to a six-His tag under the transcriptional control of a T7 inducible
promoter.

Plasmids pRH134 and pAP18 were checked by nucleotide sequence analysis
and used to transform competent cells of E. coli BL21(DE3) (Novagen) to create
RH136 and AP19, respectively (Table 1). CotE and CotE-His were produced by
autoinduction by growing cells at 37°C for 18 h with orbital shaking (150 rpm)
and by using the Overnight Express autoinduction system 1 according to the
manufacturer’s instructions (Novagen). CotE-His protein was purified under
denaturing conditions via Ni-nitrilotriacetic acid (NTA) affinity chromatography
as recommended by the manufacturer (Qiagen, Inc.) and used to raise specific
antibodies in mice by PriMM Srl (Italy).

Coexpression of cotC, cotU, and cotE in E. coli. The coding part of cotE,
amplified by PCR using oligonucleotides E-rbs-PstI-F and E-STOP as described
above, was digested with PstI and HindIII and inserted in the same sites of
pRH62 (10), immediately downstream of cotC::his, to create pRH122. In this
plasmid, both genes were under the control of the same T7 promoter and formed
a single transcriptional unit. The new recombinant plasmid was used to trans-
form the competent cells of E. coli strain RH59 (10), harboring cotU::his under
the control of T7 promoter, to create strain RH125. Proteins were produced
from these E. coli strains by the autoinduction procedure, as described above.

Pull-down experiments. Strains RH52, RH59, and RH136 (Table 1) were
grown for 18 h at 37°C in autoinduction medium (see above). Samples (14 ml)
were collected by centrifugation and resuspended in 1.5 ml of lysis buffer (50 mM
NaH2PO4, 300 mM NaCl, 10 mM imidazole, 2 mg/ml lysozyme, and 0.01 mg/ml
RNase). After 30 min at 4°C, the lysates were sonicated (20-min pulses at 20 Hz
with a Sonicator Ultrasonic liquid processor; Heat System Ultrasonic Inc., NY).
The suspension was clarified by centrifugation at 13,000 � g at 4°C for 20 min,
and protein concentration was determined by a Bio-Rad assay. Three hundred
micrograms of extract from strain RH52 or RH59 was applied to Ni-NTA
magnetic agarose beads (Qiagen), separately. After 1 h of incubation at room
temperature with shaking, the beads were washed with 2.5 ml of wash buffer (50
mM NaH2PO4, 300 mM NaCl, 10 mM imidazole), and 300 �g of extract from
strain RH136 was added to both samples and incubated for 1 h at room tem-
perature with shaking. Unbound proteins were removed by washing with wash
buffer at three different concentrations of imidazole (40 mM, 100 mM, and 250
mM [indicated as W in Fig. 2]). Bound proteins were eluted using the wash buffer
at increasing concentrations of imidazole (500 mM and 1 M [indicated as E1 and
E2 in Fig. 2, respectively]). Eluted proteins were resolved on SDS-12.5% PAGE
gels and subjected to immunoblot analysis.

Preparation of samples for matrix-assisted laser desorption ionization–time
of flight (MALDI-TOF) analysis. Strain RH125 was grown for 18 h at 37°C in
autoinduction medium (see above). Cells (100 ml) were washed with 10 ml of 1�
phosphate-buffered saline (PBS), suspended with 5 ml of 1� PBS and 5 ml of 2�
cracking buffer (120 mM Tris-HCl [pH 6.8], 2% SDS, 20% glycerol, 2% �-mer-
captoethanol), and heated at 100°C for 10 min. The suspension was clarified by
centrifugation at 13,000 � g for 20 min, and the supernatant was diluted 1:10 by
using binding buffer (20 mM sodium phosphate, 500 mM NaCl, 10 mM �-mer-
captoethanol, 10% glycerol, 25 mM imidazole [pH 7.4]). The diluted sample was
applied to a HisTrap HP column (GE Healthcare Europe GmbH, Milan, Italy)
equilibrated with 10 ml of binding buffer. The column was washed with 10 ml of
binding buffer, and proteins were eluted with the same buffer, supplemented with
increasing concentrations of imidazole (50 mM, 100 mM, 250 mM, and 500 mM).
Purified proteins were resolved on SDS-15% PAGE gels, and bands were sent
for MALDI-mass spectrometry analysis.

RESULTS

cotE expression is required to allow the interaction between
CotC and CotU. It has previously been reported that in a strain
carrying a cotE-null mutation, CotC and CotU are not assem-
bled around the forming spore and they accumulate in the

TABLE 1. Bacillus subtilis and Escherichia coli strains used

Strain
name Relevant genotype Reference or source

B. subtilis
PY79 Prototrophic 27
BZ213 cotE::cat 28
67 spoIVA 7
RH263 spoIVA cotE::cat This work

E. colia

RH52 cotC::his 9
RH59 cotU::his 10
RH62 cotC::his 10
RH63 cotC::his cotU::his 10
RH125 cotC::his cotU::his cotE This work
RH136 cotE This work
AP19 cotE::his This work

a All E. coli strains are derivatives of strain BL21(D3) transformed with var-
ious plasmids. The relevant genotypes shown for E. coli strains are those of the
contained plasmid.
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mother cell compartment but fail to interact and do not form
the CotC-CotU heterodimer (10). Possible explanations for
the lack of interaction in the cotE mutant are that the inter-
action either is CotE dependent or can occur only when CotC
and CotU are already assembled on the forming coat.

To discriminate between these two possibilities, we decided
to verify whether the heterodimer could form in the mother
cell cytoplasm. Since CotC and CotU do not accumulate in the
mother cell of a wild-type strain but immediately assemble
around the spore (9, 10), we used strains either carrying a null
mutation in the spoIVA (23) or overexpressing the cotH gene
(1). In a spoIVA mutant, the coat is known to be dispersed in
the mother cell cytoplasm and not assembled around the spore
(23), while overexpression of cotH is known to allow accumu-
lation of CotC and CotU in the mother cell cytoplasm (1). As
shown in Fig. 1A, in a spoIVA-null mutant, the heterodimer
was formed but only in the presence of a wild-type allele of
cotE. An identical result was obtained with the strain overex-
pressing cotH (Fig. 1B). Taken together, these data support the
hypothesis that the CotC-CotU interaction is CotE dependent
and that it can occur independently from the assembly of the
two proteins on the spore coat.

Formation of CotC homodimers and CotC-CotU het-
erodimers does not involve cysteine residues. The CotC-CotU
heterodimer as well as the CotC-CotC homodimer were observed
on a Western blot under denaturing conditions (Fig. 1A) after
extraction from sporulating cells by treatment with 0.1 N NaOH
at 4°C (19), indicating that both dimers are resistant to reducing
and denaturing conditions.

Since both CotC and CotU have a cysteine residue at posi-
tion 32 (10), we decided to verify whether those cysteines were
involved in the formation of the homo- and/or heterodimer. To
this aim, we exposed proteins extracted from a wild-type strain
to extreme reducing conditions (10 mM or 80 mM dithiothre-

itol or 1% �-mercaptoethanol, for either 60 min at 80°C or
overnight at 37°C) and to subsequent alkylation with iodoace-
tic acid (IAA) (15). IAA binds to reduced cysteines and pre-
vents them from reforming sulfur bridges. None of the tested
conditions impaired formation of the dimers after either 1 h of
incubation at 60°C or an overnight incubation at 37°C (not
shown), thus excluding the possibility that they were dependent
on cysteine-mediated sulfur bridges.

CotE binds to CotC and CotU. To verify whether CotE
directly interacts with CotC and/or CotU, we overexpressed in
E. coli a His-tagged version of cotC (CotC-His), a His-tagged
version of cotU (CotU-His), or an untagged version of cotE
and performed an in vitro His tag pull-down assay. After au-
toinduction, E. coli cells were lysed by sonication, and Ni-NTA
magnetic beads were incubated with extracts of cells expressing
CotC-His or CotU-His. Beads were then washed and incu-
bated with the extract of cells expressing untagged CotE. After
additional washes, proteins were eluted and used for Western
blot experiments with anti-CotC, anti-CotU, anti-His, or anti-
CotE antibodies. As shown in Fig. 2, untagged CotE bound
Ni-NTA beads when CotC-His (panel A) or CotU-His (panel
B) was present. In the absence of CotC-His or CotU-His,
untagged CotE was not able to bind to the Ni-NTA beads (Fig.
2C). Similarly, purified bovine serum albumin (BSA; 0.1 mg;
New England Biolabs) was also not able to bind Ni-NTA beads
in the absence of CotC-His or CotU-His (data not shown).

Although only a small fraction of CotE was able to bind the
beads carrying either CotC-His (Fig. 2A) or CotU-His (Fig.
2B) and the majority of the protein remained in the
flowthrough, these in vitro results demonstrated that CotE
directly interacts with CotC and CotU and are the first proof of
a direct interaction between CotE and other components of
the B. subtilis spore coat.

CotE mediates the interaction of CotC and CotU. To inves-
tigate whether the interaction with CotE was sufficient to in-
duce the formation of the CotC-CotU heterodimer, we over-
expressed all three proteins together in the same E. coli strain
and used the extracted proteins for Western blot analysis with
anti-CotC, anti-CotU, anti-His, and anti-CotE antibodies. As
previously reported (10), when only cotC and cotU were over-
expressed together in E. coli, three proteins were recognized by
anti-CotC and anti-CotU antibodies (Fig. 3A, lane 1). The
three bands corresponded in size to CotC, CotU, and CotC
homodimers (10). When cotE was also expressed in the same
cells, a new protein complex was formed (Fig. 3A, lane 2). The
additional protein did not contain CotE, since when the same
gel was reacted against anti-CotE antibody, a CotE-specific
signal was observed at a different position on the gel (Fig. 3B).
It is unlikely that the additional protein is an unspecific signal,
since it was not present in lane 1 (CotC-CotU) or lane 3
(CotE) of Fig. 3A and identical results were obtained with
anti-CotU and anti-His antibodies (not shown).

To determine the nature of the proteins formed when CotC,
CotU, and CotE were overexpressed together in E. coli, we
performed a MALDI-TOF mass spectrometry analysis. The
four proteins shown in Fig. 3A (lane 2) were excised from the
SDS-polyacrylamide gel and subjected to MALDI-TOF by us-
ing a MALDI-TOF micro MX (Waters Co., Manchester,
United Kingdom), as described previously (2). Due to the high
percentage of identity between CotC and CotU amino acid

FIG. 1. Western blots of proteins extracted 10 h after the onset of
sporulation (t10) from sporulating cells of a spoIVA mutant or a spoIVA
cotE double mutant (A) and from the mother cell fraction of a strain
overexpressing cotH (indicated as cotH*) (B). Proteins were fraction-
ated on 15% polyacrylamide gels, electrotransferred to membranes,
and reacted with anti-CotU antibody. Identical results were obtained
with anti-CotC antibody. MW, molecular weights in thousands; wt,
wild type.
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sequences (10), it was necessary to identify diagnostic peptides
to discriminate between the two coat proteins. In particular,
three peptides at the C-terminal end of the two proteins were
found to be diagnostic: peptides 1 and 3 of CotU and peptide
2 of CotC (Fig. 3C). As reported in Table 2, peptides 1 and 3
(diagnostic of CotU) were found in the protein tentatively
assigned as CotU, while only peptide 2 (diagnostic of CotC)
was found in proteins indicated as CotC monomers and CotC-
CotC homodimers. All three peptides were found in the addi-
tional protein of Fig. 3A (lane2), confirming that it was the
CotC-CotU heterodimer (Table 2).

These results confirm the nature of the proteins expressed in
E. coli and indicate that no additional factors other than CotE
are needed to mediate CotC-CotU heterodimer formation.

DISCUSSION

The main outcome of this work is that it provides the first
direct evidence that CotE interacts with a coat component
other than CotE itself. CotE of B. subtilis is a morphogenic
factor required for outer coat formation (28), known to form
multimers organized in a ring-like structure assembled around

FIG. 2. Results of a pull-down experiment performed by binding CotC-His (A) or CotU-His (B) to Ni-NTA magnetic beads. Untagged CotE
was then added, and flowthrough (FT), washed (W), and eluted (E1 and E2) proteins collected as described in Materials and Methods. Proteins
were fractionated on 12.5% polyacrylamide gels, electrotransferred to membranes, and reacted with anti-CotC, anti-CotU, and anti-CotE
antibodies. The same experiment was also performed without CotC-His or CotU-His (C).

FIG. 3. Coexpression experiment results. Extracts from E. coli cells overproducing CotC and CotU (lane 1), CotC, CotU, and CotE (lane 2)
and CotE (lane 3) were fractionated on 15% polyacrylamide gels, electrotransferred to membranes, and reacted with anti-CotC (A) or anti-CotE
(B) antibody. Results identical to those of panel A were obtained with anti-CotU antibody (not shown). Panel C shows the position of the three
peptides identified as diagnostic of CotC or CotU by the MALDI-TOF experiment results shown in Table 2.
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the forming spore (6, 14, 17). CotE has been proposed as a
major regulatory factor of outer coat assembly, and its inter-
action with several components of the coat has been inferred
on the basis of genetic experiment results (12). We provide
here direct evidence that CotE interacts with CotC and with
CotU, two outer coat components whose assembly around the
spore has previously been indicated as CotE dependent (10,
28). Assembly of both CotC and CotU is also dependent on
CotH and CotG (9, 10, 12). However, while the effect of CotG
on CotC/CotU has not been studied in detail, their dependency
on the expression of cotH is likely to reflect a stability problem.
It has previously been proposed that CotH either protects
CotC and CotU from a proteolytic cleavage or acts on them in
a chaperone-like way (1, 9). Therefore, CotH probably controls
the assembly of CotC and CotU only indirectly, by regulating
their presence in the mother cell cytoplasm. The pull-down
experiment results shown in Fig. 2 demonstrate that CotE is
retained on Ni-NTA magnetic beads only when CotC-His or
CotU-His has previously been bound to the beads, indicating
that CotE directly binds CotC and CotU. A future challenge
will be to define these interactions by identifying the amino
acid residues involved in CotE-CotC and CotE-CotU contacts.

A second important result of this work is that CotE is sufficient
to mediate CotC-CotU interaction in E. coli cells. The coexpres-
sion experiment results shown in Fig. 3 and the MALDI-TOF
analysis of the proteins produced in E. coli clearly indicate that
only in the presence of CotE do the two coat components inter-
act, forming the heterodimer previously observed in the coat
protein fraction of B. subtilis spores (10). However, at this stage,
we cannot explain how CotE mediates CotC-CotU interaction
and can hypothesize only that CotE either recognizes CotC and
CotU as substrates and catalyzes their interaction or acts as a
platform to which CotC and CotU bind. In the latter case, the
CotE role would be to hold the two coat components close to
each other, allowing their spontaneous or self-catalyzed interac-
tion. Although an enzymatic activity associated with CotE has
never been demonstrated, we observed that CotE contains a
region of homology with the consensus of the Walker A domain
of ATPases (consensus, A/GXXXXGKT [11]; CotE, A47 - - -
G51K52T53). However, so far we have been unable to detect any
ATPase activity associated with E. coli-purified CotE (data not
shown). Additional experiments will be needed to clarify the
CotE role in CotC-CotU interaction and to discriminate between
the two hypotheses.

An additional result of this work is that CotC-CotC ho-
modimers and CotC-CotU heterodimers are resistant to dena-
turing and reducing conditions and are not dependent on the
single cysteine residue that both proteins have at position 32
(Fig. 3C). While CotC-CotC homodimers form spontaneously

in E. coli (9), CotC-CotU heterodimers require CotE to form.
Preliminary results indicate that amino acids at the C terminus
of CotC are involved in the formation of both the homo- and
the heterodimers (R. Isticato and E. Ricca, unpublished re-
sults), but in this case also, additional experiments will be
needed to clarify the nature of those interactions.
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