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The major secreted protein of Clostridium acetobutylicum NCIB 8052, a choline-containing strain, is CspA
(clostridial secreted protein). It appears to be a 115,000-Mr glycoprotein that specifically recognizes the choline
residues of the cell wall. Polyclonal antibodies raised against CspA detected the presence of the protein in the
cell envelope and in the culture medium. The soluble CspA protein has been purified, and an oligonucleotide
probe, prepared from the determined N-terminal sequence, has been used to clone the cspA gene which encodes
a protein with 590 amino acids and an Mr of 63,740. According to the predicted amino acid sequence, CspA is
synthesized with an N-terminal segment of 26 amino acids characteristic of prokaryotic signal peptides.
Expression of the cspA gene in Escherichia coli led to the production of a major anti-CspA-labeled protein of
80,000 Da which was purified by affinity chromatography on DEAE-cellulose. A comparison of CspA with other
proteins in the EMBL database revealed that the C-terminal half of CspA is homologous to the choline-binding
domains of the major pneumococcal autolysin (LytA amidase), the pneumococcal antigen PspA, and other cell
wall-lytic enzymes of pneumococcal phages. This region, which is constructed of four repeating motifs, also
displays a high similarity with the glucan-binding domains of several streptococcal glycosyltransferases and
the toxins of Clostridium difficile.

Phosphatidylcholine, a major membrane lipid in most eu-
karyotes, is found in only some prokaryotes (1). Interestingly,
choline has also been described as a component of teichoic and
lipoteichoic acids of a small number of bacteria (16). The
functional role of choline in these bacteria has not been com-
pletely established. Most of what is currently known about
choline has been collected from the study of Streptococcus
pneumoniae and its bacteriophages. The choline-containing
teichoic acids present in the cell walls of pneumococci partic-
ipate in the regulation of the host autolytic enzymes and in the
evolution of the pneumococcal phage lysins (19). A compara-
tive study of the sequence of the major pneumococcal autolysin
and those of several phage-encoded lysins has provided valu-
able information relative to their peculiar modular organiza-
tion (12). These enzymes appear to have evolved by the fusion
of two independent domains: the N-terminal domain, which
contains the catalytic center and provides the enzymatic spec-
ificity, and the C-terminal one, which is responsible for the
binding of the protein to specific components of the cell wall
(27, 28). We have observed that the C-terminal domains of
choline-dependent enzymes are homologous and contain six
repeated motifs (12). The construction of different chimeric
enzymes demonstrated that the acquisition of the choline-
binding domain represents a noticeable evolutionary advan-
tage for the enzymes that interact with a polymeric substrate,
allowing them to achieve a higher catalytic efficiency (2, 4, 5).
Hence, it has been suggested that the peculiar presence of
choline in the pneumococcal cell wall can be explained by its
role as an element of strong selective pressure for the choline-

dependent murein hydrolases, preserving the existence of this
characteristic choline-binding domain.
In a search for the evolutionary relationships among bacte-

rial autolytic enzymes, we found that the supernatants ob-
tained from cultures of Clostridium acetobutylicum CECT 806
(NCIB 8052) and the related strains Clostridium saccharoper-
butylacetonicum NI-504 (ATCC 27022) and NI-4 had an en-
zyme capable of degrading pneumococcal cell walls containing
choline, but not ethanolamine, in their teichoic acids (11). This
activity was purified by affinity chromatography on choline-
Sepharose or DEAE-cellulose columns (11). We also observed
that the addition of 2% choline to the culture medium led to
the formation of long chains of cells, as is already found with
pneumococci (25). Podvin et al. (23) confirmed these results
and demonstrated that choline was a component of the tei-
choic acids of C. saccharoperbutylacetonicum NI-4.
The aim of this work was to determine the evolutionary

relationships between the choline-binding domains of the
pneumococcal murein hydrolases and the major secreted pro-
tein of C. acetobutylicum NCIB 8052.
Characterization of the CspA protein. CspA is the most

abundant protein in the culture medium of C. acetobutylicum
NCIB 8052 and can be purified by affinity chromatography on
DEAE-cellulose (11) (Fig. 1A). This preparation, which con-
tained more than 95% CspA, showed a choline-dependent
amidase activity on pneumococcal cell walls (11). Although we
had postulated that it could be a cell wall-lytic enzyme, further
chromatographic analyses revealed that the cell wall hydrolytic
activity did not appear to be associated with the major com-
ponent of this preparation. The CspA purified by electroelu-
tion (Bio-Rad electroeluter model 422) after sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (7,
18) was used to prepare a rabbit polyclonal antiserum (9). The
polyclonal antibodies were not able to inhibit the cell wall-lytic
activity on pneumococcal cell walls, suggesting that this protein

* Corresponding author. Mailing address: Department of Molecular
Microbiology, Centro de Investigaciones Biológicas, Consejo Superior
de Investigaciones Cientı́ficas, Velázquez 144, 28006 Madrid, Spain.
Phone: 34-1-5611800. Fax: 34-1-5627518.

1098



is probably not a precursor of the clostridial hydrolytic enzyme
(data not shown). In addition, these antibodies were used for
Western blot (immunoblot) analysis (24) of the CspA contents
of different cell fractions of C. acetobutylicum NCIB 8052 cul-
tured in TYA medium (11) (Fig. 1A). Although CspA was first
detected in the culture medium, it is also an important com-
ponent of the cell wall. In addition, this analysis revealed that
the band with an Mr of 125,000 that was observed in Fig. 1A
also reacts with these antibodies, suggesting that it might be a
related protein.
To determine whether CspA could be glycosylated, the pro-

tein purified on DEAE-cellulose was stained with the DIG
glycan detection kit (Boehringer, Mannheim, Germany) (Fig.
1B). CspA was positively stained, suggesting that it is a glyco-
sylated protein. In addition, the carbohydrate content of the
protein purified by electroelution after SDS-PAGE was deter-
mined by gas-liquid chromatography (13), which revealed the
presence of 12% (wt/wt) rhamnose. However, the treatment of
the protein with N-glycosidase or O-glycosidase (Boehringer)
did not produce a reduction of the molecular weight (data not
shown). Interestingly, Messner et al. (20) have described a new
O-glycosidic linkage which was found in a surface layer protein
of Clostridium thermohydrosulfuricum and which was not af-
fected by treatment with O-glycosidase.
Cloning and sequencing of the cspA gene. The N-terminal

amino acid analysis of the electroeluted CspA protein, the
major band shown in Fig. 1A, rendered the sequence depicted
in Fig. 2A. This sequence was used to synthesize two oligonu-
cleotides, named O1 and O2 (Isogen, Amsterdam, The Neth-
erlands) (Fig. 2A). Several genomic libraries of C. acetobutyli-
cum NCIB 8052 were prepared in pUC18 (Pharmacia,
Uppsala, Sweden) with chromosomal DNA (31) digested with
different restriction enzymes and with Escherichia coli TG1
(Amersham, Little Chalfont, United Kingdom) as a host.
These libraries were screened with the oligonucleotides O1
and O2 as DNA probes (26), and the recombinant plasmid
pKIT10 (Fig. 2A) containing a 279-bp PstI fragment was iso-
lated and sequenced. This fragment encoded the N-terminal
part of CspA. A new plasmid, named pKDI543 (Fig. 2C),
containing three DraI fragments was isolated from a DraI li-
brary, with the PstI fragment being used as a probe. Hybrid-
ization analyses (not shown) revealed that only the 2,052-bp
DraI fragment of pKDI543 encoded CspA, and it was sub-
cloned into plasmid pKDE543 (Fig. 2A) and sequenced. Fi-

nally, a PCR strategy was used to clone a fragment containing
the 59 untranslated region of cspA and the initiation codon
(Fig. 2B).
Nucleotide sequence of the cspA gene and analysis of the

predicted amino acid sequence. The nucleotide sequence of
cspA and the deduced amino acid sequence are shown in Fig.
3. The ATG codon is preceded by a potential ribosome-bind-
ing site (AGGAGG, positions211 to216) (3, 34). A sequence
displaying similarity to that of the consensus E. coli promoter
was observed 37 bp upstream of the start codon. The 59 DNA
region preceding the start codon is more AT rich than the cspA
coding region (93 and 64%, respectively). A palindromic se-
quence able to form a hairpin loop with a calculated free
energy of 217.9 kcal mol21 was identified immediately down-
stream of the TAG stop codon. This structure is followed by a
short T-rich sequence and likely functions as a transcription
termination. The codon composition of the cspA gene showed
a strong bias towards codons with predominantly A or U, as
might be expected from the low G1C content of C. acetobu-
tylicum.
Analysis of the deduced amino acid sequence revealed that

the cspA gene consists of 1,774 bp and encodes a protein of 590
residues with a calculatedMr of 63,740 and an isoelectric point
of 4.1. A comparison of the N terminus of the mature protein
as determined by Edman degradation and the predicted N-
terminal sequence deduced from the nucleotide sequence in-
dicates that the protein is initially translated with a signal
peptide of 26 amino acids. This signal peptide presents the
typical characteristics of other bacterial signal peptides (29).
Analysis of the peptide sequence as described by Kyte and
Doolittle (17) indicated that, overall, the mature protein is
hydrophilic. Eighteen percent of the protein is made up of
acidic residues (Glu and Asp), and ten percent of it is made up
of basic residues (Lys, Arg, and His). Only one cysteine was
present in the deduced sequence. Four potential N-glycosyla-
tion sites (21) were found at positions 545, 558, 565, and 573 of
the polypeptide chain (Fig. 3).
A comparison of the deduced amino acid sequence with

those in the EMBL database revealed that the C-terminal part
of the protein was very similar to those of the choline-binding
domain of the pneumococcal major autolysin LytA, the cell
wall-lytic enzymes of several pneumococcal phages (12, 19, 25),
and the pneumococcal PspA antigen (33). However, the N-
terminal part of the protein did not show a significant similarity
with that of any protein in the database. A detailed analysis of
the C-terminal region showed that it is composed of four
repeated motifs plus a tail corresponding to an imperfect mo-
tif. These repeats present the consensus sequence (GWLKD
NGSWYYLNANGAMAT) previously described for the cho-
line-binding domain of pneumococcal cell wall hydrolases (12).
Interestingly, two independent reports have shown that the
C-terminal regions of toxins A and B from Clostridium difficile,
a glucan-binding protein from Streptococcus mutans, and sev-
eral glucosyltransferases from Streptococcus downei and S. mu-
tans are similar to the C-terminal choline-binding domains of
pneumococcal proteins (30, 32). All these proteins appear to
be a family of ligand-binding proteins of modular design. In
recent years, molecular techniques have identified repetitive
amino acid sequences in the superfamily of the wall-associated
proteins (8), particularly among gram-positive cocci (32).
These repeated units form functional binding domains which
appear to be involved in recognition processes.
The detection of CspA in the cell envelope as well as the

existence of a signal peptide and a choline-binding domain
suggests that CspA might be classified as a putative wall-asso-
ciated protein. The presence of CspA in the culture medium

FIG. 1. Subcellular distribution and glycoprotein analysis of CspA. (A) Coo-
massie blue-stained profile (lanes A to D) and Western blot analysis (lanes A9 to
D9) of the subcellular fractions. CspA was purified on DEAE-cellulose (lanes A
and A9), culture medium (lanes B and B9), cellular envelope (lanes C and C9),
and cytoplasmic fraction (lanes D and D9). The molecular masses of the protein
markers (lane M) are expressed in kilodaltons. (B) SDS-PAGE of purified CspA.
CspA was purified on DEAE-cellulose and stained with the DIG glycan detec-
tion kit. Lane 1, protein standards (negative control); lane 2, CspA; lane 3,
transferrin (positive control). The numbers at the left are molecular masses in
kilodaltons.
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(Fig. 1) does not invalidate this hypothesis, since this property
is shared by other proteins, such as WapA, the major wall-
associated protein of Bacillus subtilis (8). This protein of un-
known function is actively secreted, becoming wall bound as
well as being released into the medium (8). Moreover, it has
been recently demonstrated that the choline-binding domain

of the pneumococcal surface protein PspA allows this protein
to remain anchored to the bacterial cell surface, but some
alterations in the composition of the culture medium can in-
duce the release of PspA (33). We have also demonstrated that
a serial deletion of the six motifs contained in the choline-
binding domain of the pneumococcal LytA amidase causes a

FIG. 3. Nucleotide sequence of cspA. Nucleotide sequencing was performed on both strands with the T7 DNA polymerase kit from Pharmacia, with universal and
synthetic oligonucleotides (Isogen) being used as primers. The putative 235 and 210 promoter sequences, the ribosome-binding site, and the hairpin loop are
underlined. The deduced amino acid sequence is shown in one-letter code above the nucleotide sequence. The numbering of nucleotides and amino acids is shown on
the left margin. P1, P2, P3, and P4 indicate the sequence repeats.

FIG. 2. Cloning and reconstruction of cspA. (A) Restriction map of cspA. The N-terminal amino acid sequence of the protein is indicated in the three-letter code.
The solid line denotes the structural sequence. The length of the fragment is indicated in kilobases. The inserts of pUC18-derivative plasmids pKIT10, pKDE543, and
pKDI544 are indicated. (B) Illustration of the procedure used to clone cspA upstream and downstream sequences. (C) Reconstruction of cspA. The solid boxes
represent the synthetic linker used to reconstruct the ribosome-binding site of the E. coli lpp gene. The hatched boxes represent the cspA structural gene. The open
box represents a clostridial sequence. The heavy arrow indicates the lac promoter. Abbreviations (for all panels): ApR, ampicillin resistance; D, DraI; E, EcoRI; Ev,
EcoRV; H, HindIII; P, PstI; Pv, PvuII; S, SmaI; Ss, SspI; X, XbaI. Asterisks mean that plasmids contain additional DraI sites. O3 (59-ATAAGCAGGCACTAAAGC
CATAA-39) and O4 (59-CTCAAACTTCAGCAGGATGGACTT-39) indicate the oligonucleotides used for PCR cloning. Klenow represents the Klenow fragment of
E. coli DNA polymerase I.
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sequential reduction of its hydrolytic activity and its binding
capacity (10). Whether the presence of only four motifs in the
choline-binding domain could not be enough to keep CspA
tightly bound to the cell envelope or whether this behavior
forms part of a regulatory mechanism that responds to intra-
cellular or extracellular physiological conditions is something
that remains to be elucidated.
The glycosylated nature of CspA, the high content of acidic

residues (18%) by comparison with the content of basic resi-
dues (10%) (this ratio appears to be responsible for the anom-
alous mobility observed by SDS-PAGE), the presence of an
N-terminal signal sequence, the high molecular mass, and the
very low content of cysteines (only one residue per molecule)
are some of the characteristics that CspA shares with PS2, an
S-layer protein that is one of the two major secreted proteins
of Corynebacterium glutamicum (15, 22). The absence of simi-
larity between the sequences of CspA and S-layer proteins is
not unexpected since the S-layer proteins show little similarity
among themselves (22). On the other hand, the glycosidic
nature of CspA and the preponderance of rhamnose might
also suggest a function in polysaccharide transport, as has been
postulated for the platelet aggregation-associated glycoprotein
from Streptococcus sanguis (6).
Expression of cspA in E. coli. The structural region of cspA

was reconstructed according to the scheme shown in Fig. 2C. A
synthetic linker was used to provide the ribosome-binding site
of the E. coli lpp gene (14), the start codon, and the codon
corresponding to Phe-2. Initial efforts to clone the complete
SspI chromosomal fragment containing cspA or to reconstruct
directly the gene into plasmid pUC19 or other expression vec-
tors containing strong promoters, such as the lpp promoter of
plasmid pINIIIA3 (14), were unsuccessful since all the plas-
mids were deleted (data not shown). Only when the cspA gene
had previously been cloned in pUC18 in the opposite orienta-
tion to that of the lac promoter were we able to express the
gene under the control of this promoter in pUC19. Neverthe-
less, Fig. 4A shows that the growth of E. coli(pKDI547) enters
a lag phase after IPTG (isopropyl-b-D-thiogalactopyranoside)
induction, suggesting that the expression of the gene strongly
influences the metabolism of the host.
The production of CspA in E. coli(pKDI547) was detected

by Western blot, and the protein was purified with DEAE-
cellulose (Fig. 4B). Interestingly, CspA produced in E. coli had

an Mr of 80,000, which is higher than the Mr deduced from the
nucleotide sequence but lower than that observed for the pro-
tein produced by C. acetobutylicum (Fig. 1).
Analysis of other clostridial strains. To test for the presence

of genes homologous to cspA in other clostridial strains, chro-
mosomal DNA from different sources was extracted and sub-
jected to Southern blotting and hybridization at low stringency,
with the C-terminal encoding region of cspA being used as a
probe. Figure 5 shows that along with strain NCIB 8052, the
other choline-containing strains, NI-4 and NI-504, also contain
DNA sequences that hybridize with cspA. However, no band
was detected with strain ATCC 824, which does not contain
choline in the cell wall. These results also suggest that the
chromosome of strain NCIB 8052 contains other sequences
encoding choline-binding proteins. Moreover, the choline-con-
taining strains NI-504 and NI-4 showed a different pattern of
hybridization bands. Although it has been proposed that
strains NCIB 8052 and NI-4 are identical (31), our results
clearly indicate that they are different. This discrepancy can
probably be ascribed to the use of strains from different
sources.
In summary, the high similarity found between the choline-

binding domains of several pneumococcal proteins and the
C-terminal region of the major secreted protein of C. acetobu-
tylicum NCIB 8052 strongly supports the hypothesis that these
domains have evolved from a common ancestral protein and
reinforces the postulates of the modular theory of protein
evolution. How these domains have been exchanged among
these bacteria, which live in different ecological habitats, still
remains an open question, but our findings strongly suggest
that the trail of the choline-binding domain can be followed in
other bacteria or phages. Our results reveal a new aspect of the
role of choline in prokaryotic cells.
Nucleotide sequence accession number. The nucleotide se-

quence has been submitted to the GenBank and the EMBL
Data Bank with the accession number Z37723.
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FIG. 4. Expression of cspA in E. coli. (A) The growth curves of E. coli TG1
(pUC19) (É) and E. coli TG1(pKDI547) (E) are shown. The arrow indicates the
time at which IPTG (1 mM) was added to the medium. (B) Coomassie blue-
stained profile (left panel) and Western blot analysis (right panel) of CspA
protein produced in E. coli TG1(pKDI547). CspA was purified on DEAE-
cellulose (lanes P and P9). The molecular masses of the standard protein markers
(lane M) and prestained protein markers (lane M9) are expressed in kilodaltons.
O.D., optical density.

FIG. 5. Southern blot analysis of other clostridial strains. Autoradiographs of
the HincII digestion of whole-cell DNA from different clostridial strains probed
with the labeled PvuII-SspI fragment of pKDE543 encoding the choline-binding
domain of CspA are shown. Digestions stained with ethidium bromide are shown
in the left panel of the figure, whereas the Southern blot analysis is shown in the
right panel. The clostridial strains analyzed were NCIB 8052 (lanes A and A9),
NI-504 (lanes B and B9), NI-4 (provided by H.-W. Ackermann, Université Laval,
Quebec, Quebec, Canada) (lanes C and C9), and ATCC 824 (lanes D and D9).
The molecular sizes of the markers (lane P) are indicated at the left in kilobases.
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1990. Modular organization of the lytic enzymes of Streptococcus pneu-
moniae and its bacteriophages. Gene 86:81–88.

13. Guarro, J., J. Cano, J. A. Leal, B. Gómez-Miranda, and M. Bernabé. 1993.
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