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Abstract

Consistent information about protein secretion in Gram-positive bacteria is essentially restricted to the model organism Bacillus subtilis.

Among genome-sequenced clostridia, Clostridium acetobutylicum has been the most extensively studied from a physiological point of view

and is the organism for which the largest variety of molecular biology tools have been developed. Following in silico analyses, both secreted

proteins and protein secretion systems were identified. The Tat (Twin arginine translocation; TC #2.A.64) pathway and ABC (ATP binding

cassette) protein exporters (TC #3.A.1.) could not be identified, but the Sec (secretion) pathway (TC #3.A.5) appears to be used prevalently.

Similarly, a flagella export apparatus (FEA; TC #3.A.6.), holins (TC #1.E.), and an ESAT-6/WXG100 (early secreted antigen target of 6 kDa/

proteins with a WXG motif of ¨100 residues) secretion system were identified. Here, we report for the first time the identification of a

fimbrilin protein exporter (FPE; TC #3.A.14) and a Tad (tight adherence) export apparatus in C. acetobutylicum. This investigation highlights

the potential use of this saprophytic bacterium in biotechnological and biomedical applications as well as a model organism for studying

protein secretion in pathogenic Gram-positive bacteria.

D 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The genus Clostridium includes bacteria which are

obligately anaerobic, form endospores, are able to carry

out dissimilatory sulfate reduction, and possess a Gram-

positive type of wall structure [1,2]. In a recently proposed

hierarchical structure for clostridia, Clostridium acetobuty-
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licum was classified in family 1, corresponding to the

Clostridiaceae family, and genus 1, corresponding to group

I of the previous Johnson and Francis classification [3]. C.

acetobutylicum ATCC 824 was originally isolated from

garden soil in 1924 [4]. This strain is one the best-studied

solventogenic clostridia and is closely related to the

historical Weizmann strain used to develop an industrial

starch-based acetone and butanol fermentation process [5].

C. acetobutylicum ATCC 824 possesses a 3.9-Mb chromo-

some and harbours pSOL1, a megaplasmid of 192 kb

coding for genes involved in solvent formation; loss of

pSOL1 leads to a loss of solventogenicity of the strain [6–

8]. In addition to C. acetobutylicum ATCC 824 [9], the

genome sequence has been determined for two other

clostridial genomes, Clostridium perfringens 13 and Clos-
ta 1745 (2005) 223 – 253
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tridium tetani E88 [10,11]. The sequencing and annotation

of 4 other clostridial genome, i.e., Clostridium botulinum

ATCC 3502, Clostridium difficile 630, C. perfringens

ATCC 13124, and Clostridium thermocellum ATCC

27405, are currently in progress. Among genome-sequenced

clostridia, C. acetobutylicum ATCC 824 is undoubtedly the

one which has been the most extensively studied from a

physiological point of view and is the one for which the

largest variety of molecular biology tools have been

developed [9,12–15]. Thus, this bacterium appears to be

an excellent model for studying the biology of clostridia and

Gram-positive bacteria in general.

The availability of the complete genome of C. acetobu-

tylicum allows us to focus on its secretome, i.e., the

population of the gene products that are translocated

through the cytoplasmic membrane to be either displayed

on the bacterial cell surface, secreted in the extracellular

milieu, or even secreted into a host cell [16]. Protein

secretion systems in Gram-positive bacteria have attracted a

lesser amount of attention than those of the Gram-negative

bacteria. Indeed, consistent information about protein

secretion in Gram-positive bacteria is essentially restricted

to Bacillus subtilis, the paradigm of Gram-positive bacterial

biology [17–20], and to scattered information arising from

the study of Gram-positive pathogenic bacteria [17,18,20–

23]. Protein secretion in clostridia has not been investigated

thoroughly, and as a result, relatively little is known about

the proteins and secretion systems involved [24].

In Gram-negative bacteria, five major systems, numbered

from I to V and the chaperone/usher pathway, are currently

recognized as being involved in the secretion of proteins

from the cytoplasm to the extracellular milieu [25–28]. This

classification is restricted to Gram-negative bacteria, where

the cell envelope is composed of the cytoplasmic membrane

and the outer membrane. Since Gram-positive bacteria

possess only one biological membrane, i.e., the cytoplasmic

membrane, the classification of protein secretion pathways

is different. Thus, in Gram-negative bacteria, protein trans-

location through the cytoplasmic membrane corresponds to

export into the periplasm, whereas in Gram-positive

bacteria, it permits the secretion of proteins into the

extracellular milieu [29–40]. Five major protein secretion

systems are currently recognized in Gram-positive bacteria:

the Sec (secretory) pathway, the Tat (twin arginine trans-

location) pathway, the ABC (ATP binding cassette) trans-

porters, the fimbrilin protein exporter (FPE) system, and

more recently, the ESAT-6/WXG100 (early secreted antigen

target of 6 kDa/proteins with a WXG motif of ¨100

residues) secretion system [17,18,23,41,42]. It is clear from

studies of Gram-negative bacteria that not all the secretion

pathways are systematically present in a single organism

and that the extent to which each pathway is used varies

from one organism to another. It seems plausible that a

similar scenario will be found for Gram-positive bacteria.

By using a variety of bioinformatics tools, the protein

secretion systems and secreted proteins of C. acetobutyli-
cum ATCC 824 were identified and characterized. Such

comprehensive analyses not only provide insight into the

portion of the proteome dedicated to bacterial secretion but

also the physiology of this organism, as well as the possible

biotechnological applications. This investigation is a prel-

ude to in vivo study of the proteins secreted by C.

acetobutylicum and highlights the potential use of this

saprophytic bacterium as a model organism for exploring

protein secretion in pathogenic Gram-positive bacteria.
2. Materials and methods

2.1. Computer methods

Prior to bioinformatic analyses, the complete genome,

coding sequences, and annotation files for C. acetobutylicum

ATCC 823 were downloaded from GenBank (ftp://ftp.ncbi.

nih.gov/genbank/Bacteria/Clostridium_acetobutylicum/).

The chromosome of C. acetobutylicum possesses a total of

3672 potential coding sequences (CDS), and the megaplas-

mid pSOL1 encodes 176 CDS. Each CDS was screened for

the capacity to encode a secreted protein or a component of a

secretion apparatus. Proteins are identified by their GenBank

index (GI) number.

BLAST and PSI-BLAST [43,44] were performed

at ViruloGenome (http://www.vge.ac.uk/), the National

Center for Biotechnology Information (NCBI; http://

www.ncbi.nlm.nih.gov/BLAST/), and ClostriDB (http://

clostri.bham.ac.uk/) [45]. The presence of conserved

domains and/or motifs was identified using Pfam (http://

www.sanger.ac.uk/Software/Pfam/) [46], CDD (http://

www.ncbi.nlm.nih.gov/Structure/cdd/cdd.shtml) [47], Scan-

Prosite (http://ca.expasy.org/tools/scanprosite/) [48],

SMART (http://smart.embl-heidelberg.de/) [49], and/or

InterProScan (http://www.ebi.ac.uk/InterProScan/) [50].

The level of homology between two protein sequences

was determined using BLAST 2 sequences using the matrix

BLOSUM62 and default parameters, except that filter was

turned off [51]. Sequence alignments were performed using

ClustalW [52], with minor manual refinement using BioEdit

(http://www.mbio.ncsu.edu/BioEdit/bioedit.html).

All C. acetobutylicum predicted CDS were analysed and

classified using the Transporter Classification Database

(TC-DB) (http://www.biology.ucsd.edu/~msaier/transport/)

as previously described [53,54]. This analysis was com-

pleted by combining results from TransportDB [55], a

relational database describing the predicted cytoplasmic

membrane transport proteins in bacteria (http://

66.93.129.133/transporter/wb/index2.html). The identifica-

tion of a FPE system was based on PSI-BLAST and BLAST

searches from ViruloGenome and ClostriDB using ComGA

(GI: 1303877), ComGB (GI: 1303878), and ComC (GI:

98253) from B. subtilis as queries. In a similar fashion, the

ESAT-6/WXG100 secretion system was identified by using

the previously described ESAT-6 from Mycobacterium
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tuberculosis (GI: 38490389) and YukA from B. subtilis (GI:

7474744) [56]. While in M. tuberculosis and Staphylococ-

cus aureus, the involvement of YukA homologues in ESAT-

6 proteins translocation has been demonstrated, there is no

direct experimental evidence in B. subtilis [42,57].

All predicted protein-coding genes were analysed using

SignalP (http://www.cbs.dtu.dk/services/SignalP/), to detect

the presence of signal peptides [58]. In these analyses,

both the neural network and the hidden Markov model

were used to examine the N-terminal part of each protein

sequence. Sequences were sequentially analysed without

truncation and with truncation set at 35, 70, and 140

amino acid (a.a.) residues (SignalP score >0.6). This

analysis was completed by combining results from

PSORT and PSORTb predicting the translocation and

cellular localization of a protein (http://psort.ims.u-

tokyo.ac.jp/) [59,60]. Signal sequence topology was

predicted by combining the results from Kyte and

Doolittle, as well as Eisenberg scale-mean hydrophobicity

profiles using BioEdit, SignalP, and TMpred.

For the identification of lipoprotein patterns, searches

were carried out using ScanProsite for the lipoprotein lipid

attachment site (PS00013) (http://www.expasy.org) and

G+LPP pattern [61]. Moreover, these results were com-

bined with those from servers dedicated to the recognition

of lipoproteins, i.e., DOLOP [62], PSORT, and LipoP

(http://www.cbs.dtu.dk/services/LipoP/) [63]. The criteria

used for the exclusion of sequences as false-positives

unlikely to encode lipoproteins involved TMpred (http://

www.ch.embnet.org/software/TMPRED_form.html) [64],

SignalP, DAS (http://www.sbc.su.se/~miklos/DAS) [65],

and TopPred2 (http://bioweb.pasteur.fr/seanal/interfaces/

toppred.html) [66] and have been described previously [61].

From SignalP or PSORT searches, proteins bearing a

Type 4 prepilin signal peptide were identified by the

presence of a consensus (K/R)G(F/Y) motif present between

the n- and h-domains of the signal peptide, the cleavage

occurring between G and (F/Y), and a glutamine residue

present at position +5 of the cleavage site [17,67]. Some

variability in the a.a. present at position +5 was also taken

into account [17,39,68].
3. Results

3.1. Absent protein secretion systems

A recent genomic survey of prokaryotic protein secretion

systems suggests that the Tat pathway, instead of the Sec

pathway, is used predominantly by certain bacteria and

archaea [69]. However, neither homologues of the TatABCE

translocon nor putative Tat substrates could be identified in

C. acetobutylicum by ViruloGenome PSI-BLAST and TC-

DB searches, indicating the absence of a Tat protein

secretion pathway (TC #2.A.64) in this organism. Further-

more, this pathway appears to be absent from other
sequenced clostridial genomes, and this could be a general

feature of the genus Clostridium [10].

The ABC superfamily contains both uptake and efflux

transport systems for a large variety of substrates, e.g.,

glucides, proteins, and ions. So far, ABC transporters for

proteins have been identified only in Gram-negative

bacteria; in Gram-positive bacteria, only ABC transporters

for peptides have been identified [70]. As expected, no

protein exporter could be identified in C. acetobutylicum;

however, TC-DB searches revealed the presence of

several peptide exporters belonging to the peptide-1

exporter (Pep1E) family (TC #3.A.1.111), the peptide-2

exporter (Pep2E) family (TC #3.A.1.112), the peptide-4

exporter (Pep4E) family (TC #3.A.1.123), the 3-compo-

nent peptide-5 exporter (Pep5E) family (TC #3.A.1.124),

or the h-Exotoxin I Exporter (hETE) family (TC

#3.A.1.126) (see Supplementary material in Appendix A).

It is worth mentioning that an ABC transporter,

comprising an ATPase subunit (GI: 15893536) and an

integral membrane protein (GI: 15893537), was identified

as a member of the lipoprotein translocase (LPT) family (TC

#3.A.1.125) (see Supplementary material in Appendix A).

In E. coli, the LPT differs from other ABC transporters, as it

is not involved in transmembrane transport of substrates but

permits the localization of lipoproteins to the outer

membrane [71]. So far, this transporter family has only

been studied in Gram-negative bacteria, and its function in

Gram-positive bacteria remains obscure.

In Gram-negative bacteria, members of the family of

large conductance mechanosensitive ion channel (MscL; TC

#1.A.22) permit the release of small proteins such as

thioredoxin during osmotic downshift [72,73]. However,

no homologue of this particular protein secretion system

could be identified from the genome of C. acetobutylicum.

Interestingly, MscL homologues could be identified in some

other clostridial species, i.e., C. histolyticum (GI: 7674133),

C. perfringens (GI: 20141572), and C. tetani (GI:

28210182). Experimental evidence for MscL as a protein

secretion pathway in Gram-positive bacteria remains to be

shown.

Despite the absence of the systems described above, a

Sec system, a flagella export apparatus (FEA), a fimbrial

protein export (FPE) apparatus, the tight adherence (Tad)

export system, the holins, and an ESAT-6/WX100 secretion

system were identified. Table 1 summarizes the protein

secretion systems found in C. acetobutylicum (see also

Supplementary material in Appendix A).

3.2. The Sec system (TC #3.A.5.)

The presence, remarkable conservation, and essential

nature of the Sec translocon has given rise to the notion of a

general protein secretion mechanism with E. coli as the

bacterial paradigm [74]. The heterotrimeric SecYEG com-

plex is the central component of the Sec apparatus; it forms

a protein-conducting channel through the cytoplasmic
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Table 1

Components of the protein secretion pathways present in C. acetobutylicum

Systems Components TC GI Gene location Cellular location Substratesa

1. The Sec system #3.A.5. 602

Transmembrane component SecY #3.A.5 15896363 Chromosome Membrane

SecE #3.A.5 15896398 Chromosome Membrane

SecG #3.A.5 15894002 Chromosome Membrane

ATPase SecA 15896101 Chromosome Peripheral

SecA (fragment) 15896773 Chromosome Peripheral

Auxiliary protein SecF #2.A.6.4.1. 15895545 Chromosome Membrane

SecD #2.A.6.4.1. 15895546 Chromosome Membrane

YajC #9.B.18. 15895549 Chromosome Membrane

SpoIIIJ #2.A.9.3.2. 15896967 Chromosome Membrane

FtsY #3.A.5 15895029 Chromosome Cytoplasm

Ffh #3.A.5 15895031 Chromosome Cytoplasm

Signal peptidase SPase I 15895037 Chromosome Membrane

15895904 Chromosome Membrane

SPase II 15893593 Chromosome Membrane

15895384 Chromosome Membrane

2. Flagella export apparatus #3.A.6.1. 18

Transmembrane component FlhA 15895416 Chromosome Membrane

FlhB-FliR 15895417 Chromosome Membrane

FlhB 15893927 Chromosome Membrane

FliP 15895419 Chromosome Membrane

FliQ 15895418 Chromosome Membrane

ATPase FliI 15895428 Chromosome Cytoplasm

ATPase regulator FliH 15895429 Chromosome Cytoplasm

Chaperone FliJ 15895427 Chromosome Cytoplasm

FliS 15895474 Chromosome Cytoplasm

3. The FPE system #3.A.14. 7

ATPase ComGA homologue 15895375 Chromosome Membrane

Transmembrane component ComGB homologue 15895374 Chromosome Membrane

Type IV prepilin peptidase ComC homologue 15896039 Chromosome Membrane

4. The Tad export apparatus ?

ATPase TadA homologue 15895251 Chromosome Peripheral

Transmembrane component TadB homologue 15895250 Chromosome Membrane

Transmembrane component TadC homologue 15895249 Chromosome Membrane

Unknown function TadZ homologue 15895252 Chromosome Cytoplasm

5. The holins #1.E.

Holins LrgA homologue #1.E.14. 15893901 Chromosome Membrane 3

LrgA homologue #1.E.14. 15004877 Megaplasmid Membrane ?

TcdE homologue #1.E.19. 15895117 Chromosome Membrane 1

6. The ESAT-6/WXG100 secretion pathway 10

Membrane-bound ATPase transporter YukA homologue 15893337 Chromosome Membrane

YukA homologue 15893699 Chromosome Membrane

YukA homologue 15896940 Chromosome Membrane

a Details of the substrates related to each secretion pathway are discussed in the corresponding paragraph.

M. Desvaux et al. / Biochimica et Biophysica Acta 1745 (2005) 223–253226
membrane [75]. The SecYEG complex is ubiquitous in all

domains of life (termed Sec61agh in eukaryotes) [76], and

as expected, genes encoding each component were identi-

fied in C. acetobutylicum (Table 1).

In addition to the SecYEG complex, several other

proteinaceous components are required for Sec-dependent

secretion. The cytosolic ATPase SecA, which provides the

driving force for protein translocation, has only been

identified in bacteria and chloroplasts. In C. acetobutylicum,

besides a full-length SecA homologue (839 a.a. long), a

small SecA fragment is also present (166 amino acids long)

and is presumably non-functional (Table 1). No duplication

of SecY is observed; in Streptococcus gordonii, the

duplication of SecA and SecY constitutes a specialized
system for the transport of large serine-rich proteins

involved in pathogenesis [77].

In E. coli, three auxiliary proteins, i.e., SecD, SecF, and

YajC, form a transmembrane complex loosely associated

with SecYEG, which contributes to the efficiency of protein

translocation [78]. By contrast, in B. subtilis, SecD and

SecF are fused into a single protein [79]. TC-DB, Pfam, and

PSI-BLAST searches indicate that a gene previously

annotated as encoding a protein homologous to SecD/SecF

protein exporters (GI: 15896672) is most certainly related to

the Gram-positive bacterial hydrophobe/amphiphile efflux-2

family (HAE2) (TC #2.A.6.5) of the drug exporters of the

resistance-nodulation-cell division (RND) superfamily (TC

#2.A.6.) and has no connection to the Sec apparatus.
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However, similar searches identified two open reading

frames in C. acetobutylicum encoding separate SecD and

SecF proteins, as well as YajC (Table 1).

In E. coli, the integral membrane protein YidC associates

with the SecYEGDF–YajC complex and permits cytoplas-

mic membrane insertion of polytopic membrane proteins

[80]. YidC has also been shown to catalyse membrane protein

insertion in a Sec-independent manner [81,82], leading some

authors to suggest YidC be classified as an alternative inner

membrane translocation pathway [83], even though YidC has

not been implicated in the translocation of proteins across the

cytoplasmic membrane [84]. Two homologues of YidC are

found in B. subtilis, i.e., SpoIIIJ and YqjG [17,18], however,

only a SpoIIIJ-like protein (GI: 15896967) could be

identified in C. acetobutylicum.

To allow proteins destined for translocation across the

cytoplasmic membrane to interact with the Sec translocon,

bacteria have developed several distinct protein targeting

pathways. In Gram-negative bacteria, SecB and the signal

recognition particle (SRP) pathway are considered to be two

distinct protein-targeting pathways converging on the Sec

translocon [85]. The SRP pathway was considered a specific

mechanism for the integration of inner membrane proteins

[86,87]; however, it was recently shown that the SRP-

dependent pathway is involved in the secretion of some

extracellular proteins in Gram-negative bacteria [88]. The

SRP pathway requires the action of the SRP (Ffh/SRP54)

and the SRP receptor (FtsY/SRP receptor-a family), which,

like the SecYEG translocon, are ubiquitous in all domains

of life [76]. Thus, it was not surprising to find Ffh and FtsY

in C. acetobutylicum.

In Gram-negative bacteria, SecB possesses the dual

function of preventing folding and targeting the protein to

be secreted to the Sec translocon. As in all Gram-positive

bacteria sequenced so far, the SecB chaperone is absent

from C. acetobutylicum [18]. However, in E. coli, it was

recently shown that SecB should be considered as only one

of a plethora of molecular chaperones available to newly

synthesized polypeptides before their translocation through

the cytoplasmic membrane [87,89]. Indeed, in B. subtilis,

the chaperone function has been attributed to CsaA (GI:

2619042); however, no homologue of CsaA could be found

in C. acetobutylicum.

After Sec-dependent translocation through the cytoplas-

mic membrane, the signal sequences of most proteins are

removed by the action of a signal peptidase (SPase).

Membrane-bound SPase I and II permit the cleavage of

the signal sequence from the precursor proteins and

lipoproteins, respectively [18]. While in most Gram-

negative bacteria, one SPase I and one SPase II are

expressed, in B. subtilis, five SPase I and one SPase II

have been identified [18,90]. In C. acetobutylicum, two

homologues of each SPase I and II have been identified

(Table 1). The reason for this redundancy is unclear, but in

B. subtilis, differences in substrate specificity have been

observed.
3.2.1. The signal sequences of the Sec-dependent secreted

proteins

All proteins targeted to the Sec translocon possess an N-

terminal signal peptide. The signal sequence is composed of

three domains: (i) a positively charged amino terminus or n-

domain, (ii) a hydrophobic core region or h-domain, and

(iii) a consensus signal peptidase recognition site, also

called c-domain [39].

Investigations with SignalP and PSORT of all C.

acetobutylicum CDS identified 491 proteins, 37 of which

are encoded on the plasmid pSol1, as potential substrates

of SPase I (Table 2). The signal peptides of these proteins

have lengths varying from 16 to 53 residues, with an

average of 32 residues (Fig. 1). The length of the n-domain

ranges from 2 to 31 residues, with an average of 10

residues but with a favored length of 7 (Fig. 1). These

signal sequences contain, on average, 2–3 positively

charged to a.a., i.e., lysine or arginine, but some could

contain up to 14 (Table 2). Like B. subtilis, the h-domain

has an average of 19 residues, with a favored length of

17–18 residues (Fig. 1) [17]. Interestingly, more than 50%

of the predicted signal peptides possess at least one helix-

breaking residue in the h-domain (Table 2). When present

at the end of the h-domain, these residues facilitate the

cleavage by SPase [17].

Because of steric interference with SPase I, a.a.

tolerated at positions �3 and �1 of the signal peptide,

with respect to the N-terminus of the mature exported

protein, are generally small and uncharged [17]. In B.

subtilis, the sequence consensus at the SPase I cleavage

site, i.e. (A/V)-(S/F/K)-A at positions �3 to �1, is not

fundamentally different from the consensus found in C.

acetobutylicum, i.e., (V/A/I)-(K/F/Y)-A (Fig. 2); the

consensus are given when the frequency of an a.a. at a

given position is higher than 10%. Except for cysteine, all

residues appear to be allowed at position +1 of the

cleavage site, though an alanine residue is most abundant

at this position (Fig. 2). In E. coli, though, it has been

shown that proline at position +1 would effectively inhibit

SPase I activity; therefore, its presence at this position

seems unlikely, and such signal peptidase cleavage sites

would be mispredicted [91,92].

By merging the results of ScanProsite, G+LPP, DOLOP,

and LipoP together, 111 probable lipoproteins were identi-

fied in C. acetobutylicum (Table 2), 4 of them encoded on

pSol1. The signal sequences of lipoproteins in C. acetobu-

tylicum, like in B. subtilis [17], (i) are shorter, with an

average of 21 a.a., (ii) possess shorter n- and h-domains,

with an average of 6 and 12, respectively, and (iii) have

more conserved structural features than the signal peptides

of nonlipoproteins (Figs. 1 and 2). Once again, the lipobox

motif in B. subtilis, i.e., L-(A/S/T)-(A/G)-C [17], is not

fundamentally different from the consensus found in C.

acetobutylicum, i.e., (L/F/I)-(T/S/V/A)-(G/A/S)-C (Fig. 2).

The invariant cysteine at position + 1 is lipid-modified

before the signal peptide is removed by SPase II.
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Table 2 (continued)

a The positively charged n-domain is indicated in bold letters, the hydrophobic h-domain is shaded grey, and the c-domain is underlined. Potential cleavage

site is indicated with a gap in the a.a. sequence. I and II stand for SPase I and SPase II, respectively. U stands for uncleavable signal sequence. C stands for C.

acetobutylicum chromosome, while M refers to the megaplasmid pSol1.
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3.2.2. Cell-surface display of Sec-translocon substrates

Once translocated through the cytoplasmic membrane,

the signal peptide is cleaved from the precursor protein,

and the mature protein can either be released into the

extracellular medium or remain in contact with the cell

envelope. In Gram-positive bacteria, 5 major types of

surface proteins are currently recognized: (i) proteins

anchored to the cytoplasmic membrane by hydrophobic

transmembrane domain(s), (ii) lipoproteins which are

covalently attached by their N-terminus to long-chain fatty

acids of the cytoplasmic membrane after cleavage by

SPase II, (iii) proteins binding to component(s) of the cell

wall, (iv) proteins attached to the cell surface by S-layer

homology (SLH) domains, and (v) proteins covalently

anchored to the cell wall and possessing a LPXTG motif

[93,94].

A number of membrane-associated proteins could be

identified in C. acetobutylicum (Table 2), including

various permeases, PTS components, ABC-transport sys-

tem components, enzymes (such as sortase and pepti-

dases), protein secretion systems components (such as the

Sec translocon and flagella export apparatus), signal

transduction system components, and adhesins, as well

as proteins with unknown functions. Despite the predic-

tion of a cleavage site for all of them, it cannot be ruled

out that for some of these, the signal sequence remains

uncleaved and allows the anchoring of the protein to the

cytoplasmic membrane. Putative lipoproteins are also

listed in Table 2.

Several domains have been shown to be involved in non-

covalent attachment to the component of the cell wall: (i) the

repetitive hydrophobic GW modules which contain highly

conserved Gly-Trp dipeptide and bind lipoteichoic acids

[95], (ii) the choline binding domain, also called cell-wall

binding domain of Type 1, involved in the specific

recognition of the choline-containing cell wall teichoic

acids [96], and (iii) the cell-wall binding domain of Type 2

[97]. It is worth mentioning that p60 of Listeria mono-

cytogenes (GI: 16802625) is also known to be non-

covalently attached to the cell wall [98,99], however,

domains permitting attachment to the cell wall have not

been yet characterized. In C. acetobutylicum, proteins

possessing GW modules similar to internalin B (GI:
16802478) or autolysin Ami (GI: 16804596) could not be

identified following BLAST and PSI-BLAST searches.

Similarly, from Pfam, searches no protein bearing cell-wall

binding domain of Type 2 (PF04122), as in Cwp66 from C.

difficile (GI: 11066029), could be detected.

3.2.2.1. Choline-binding proteins. Choline-binding do-

mains are found in the autolysin LytA and antigen PspA

from Streptococcus pneumoniae [96]. These 20-a.a.-resi-

due-long domains are characterized by conserved aromatic

residues and glycines are found in multiple tandem copies.

They are suggested to be responsible for the specific

recognition of choline residues of teichoic and lipoteichoic

acids.

While several proteins bearing such a domain were

previously identified in C. acetobutylicum NCIB 8052

[100], Pfam searches revealed that only one protein (GI:

15894364) displays such domains (PF01473) in C. aceto-

butylicum ATCC 824. This protein, annotated for some

unclear reasons as an uncharacterized protein related to

enterotoxins of other Clostridiales, bears a higher number

(more than 50 times) of repeated choline binding domains

(E-values ranging from 1.0�10�2 to 4.9�10�6).

3.2.2.2. ChW proteins. Previous analyses of the C.

acetobutylicum genome revealed the presence of a putative

extracellular molecular complex [9]. All the proteins

involved in this system possess ChW (Clostridial hydro-

phobic domain with a conserved W residue) repeats. This

repetitive domain can be found several times along the

protein sequence and was proposed to function in either

substrate-binding or protein/protein interaction [9]. Pfam

searches identified 20 proteins possessing such ChW

repeats (PF07538) in C. acetobutylicum (Table 3). Two

of them (GI:15004707 and 15004708) are encoded on the

plasmid pSol1. While no function could be attributed to

four of them (GI: 15894810, 15895795, 15895796, and

15895844), additional domains related to adhesin, inter-

nalin, glycosyl hydrolase, or protease could be detected for

the remainder. Therefore, this system was proposed to be

involved in the degradation of polymers (glucide, protein)

and interaction with the environment (substrate, cells) [9].

No experimental data is yet available for the formation of



Fig. 1. Features of signal peptides of proteins predicted to be secreted via the Sec-dependent pathway. (A) Length distribution of the complete signal peptides.

(B) Length distribution of the n-domains. (C) Length distribution of the h-domains. (1) Secretory signal peptides substrate of SPase I. (2) Lipoprotein signal

peptides substrate of SPase II. Distributions are expressed as a percentage of the total number of predicted secretory or lipoprotein signal peptides.
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this putative molecular complex on the clostridial cell

surface. In ChW proteins, within the repetitive module, a

glycine is systematically present before the conserved Trp

[9]. Interestingly, in L. monocytogenes, a family of surface

proteins containing a highly conserved Gly-Trp dipeptide

motif, and hence called GW proteins, interact with lip-
oteichoic acids of the cell wall through these hydrophobic

repetitive modules [95].

3.2.2.3. Cellulosome. It has previously been shown that C.

acetobutylicum possesses a cellulosome which is an

extracellular enzymatic complex of high molecular weight.



Fig. 2. Features of predicted Sec-dependent signal sequence c-domains. (A) Frequency of a.a. at position �3 of the cleavage site. (B) Frequency of a.a. at

position �2 of the cleavage site. (C) Frequency of a.a. at position�1 of the cleavage site. (D) Frequency of a.a. at position +1 of the cleavage site. (1) Secretory

signal peptides substrate of SPase I. (2) Lipoprotein signal peptides substrate of SPase II. Frequencies are expressed as the percentage of the total number of

predicted secretory or lipoprotein signal peptides.
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This complex, normally dedicated to efficient degradation of

various plant cell wall materials, seems inactive in C.

acetobutylicum [101]. Several cellulosomal components
could be identified among the secreted proteins of C.

acetobutylicum (Tables 2 and 4). Cellulosomes are organ-

ized around a specialized scaffolding protein, called CipA in



Table 3

C. acetobutylicum proteins containing ChW repeats

GI Annotation

15894810 Protein containing ChW repeats

15895795 Protein containing ChW repeats

15895796 Protein containing ChW repeats

15895844 Protein containing ChW repeats

15893828 h-Mannanase ManB containing ChW repeats

15893829 h-Mannanase ManB containing ChW repeats

15893830 h-Mannanase ManB containing ChW repeats

15895558 Extracellular neutral metalloprotease, NPRE, fused to ChW

repeats

15895592 Possible cell wall hydrolase containing

N-acetylglucosaminidase domain and ChW repeats

15894668 Protein containing ChW repeats and cell-adhesion domain

15895634 Uncharacterized protein containing predicted cell adhesion

domain and ChW repeats

15896523 Uncharacterized protein containing predicted cell adhesion

domain and ChW repeats

15896517 Possible surface protein, responsible for cell interaction;

contains cell adhesion domain and ChW repeats

15896518 Possible surface protein, responsible for cell interaction;

contains cell adhesion domain and ChW repeats

15896519 Possible surface protein, responsible for cell interaction;

contains cell adhesion domain and ChW repeats

15896520 Possible surface protein, responsible for cell interaction;

contains cell adhesion domain and ChW repeats

15896524 Possible surface protein, responsible for cell interaction;

contains cell adhesion domain and ChW repeats

15896525 Possible surface protein, responsible for cell interaction;

contains cell adhesion domain and ChW repeats

15004707 Transglutaminase-like predicted protease domain fused to

ChW repeats and cell-adhesion domain

15004708 Transglutaminase-like predicted protease domain fused to

ChW repeats and cell-adhesion domain
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C. acetobutylicum (GI: 15894197); different catalytic

components bind to CipA by cohesin/dockerin domain

recognition, which is the main characteristic of components

belonging to a cellulosome [102]. The cohesin/dockerin

interaction is calcium dependent and species specific

[103,104]. CipA bears five cohesin domains, and ten

proteins possessing a C-terminal dockerin domain could

be identified in C. acetobutylicum (Table 4); a signal

sequence could be predicted for all but one (GI: 15894199).

With the exception of two (GI: 15893851 and 15896708),

all the cellulosome components are present in the cel locus

[105].

While it is clear that the proteinaceous components of the

cellulosome are scaffolded together on CipA, the molecular

mechanisms allowing extracellular assembly of the cellulo-

some and anchoring to the cell surface remain elusive. It has

been speculated that the gene product of orfXp, which is

present in the C. acetobutylicum cel cluster (GI: 15894201)

and encodes a lipoprotein with a cohesin domain (Table 1),

could be involved in this process [106]. It has recently been

demonstrated in C. cellulovorans that EngE, a cellulosomal

cellulase, anchors the cellulosome by integrating into the

cell wall layer via its N-terminal SLH domain and by
cohesin/dockerin interaction with its cognate cellulosomal

scaffolding protein CbpA, a homologue of the C. acetobu-

tylicum CipA [107,108]. A protein homologous to EngE

and annotated as a cellulosomal endoglucanase was

identified in C. acetobutylicum (GI: 15896708). Pfam and

ScanProsite searches did not reveal the presence of SLH

domains (i.e. PF00395 or PS01072) in other protein of C.

acetobutylicum.

3.2.2.4. LPXTG proteins. In Gram-positive bacteria, a

range of proteins are anchored to the bacterial cell surface

by transpeptidase sortases, which cleave and further

covalently link them to peptidoglycan via penta-glycine

cross-bridges [109]. The protein substrates of this enzyme

harbour a conserved LPXTG sortase-cleavage site fol-

lowed by a transmembrane-spanning hydrophobic domain

and by a hydrophilic charged domain at the C-terminus. In

various clostridia, sortase-like proteins have been identi-

fied, but none of them have been characterized [110].

While in some bacterial genomes several genes coding for

sortase-like proteins have been found, C. acetobutylicum

possesses only one sortase (GI: 15893497). However, as

reported in Streptococcus pyogenes and S. aureus, the

presence of additional enzymes nonribosomally synthesized

and called LPXTGases cannot be excluded [111]. Only 1

potential substrate, with its gene adjacent to the sortase

gene, has been reported so far in C. acetobutylicum [110].

A search for additional potential substrates using iterative

PSI-BLAST, SignalP, and Pfam searches identified three

other putative sortase substrates in C. acetobutylicum

(Table 5). They all possess a signal sequence of class 1

or 2 (Table 1), a plausible LPXTG-like motif, followed by a

membrane-spanning hydrophobic domain and a charged C-

terminal tail. For one of them, the conserved motif differs

by a single residue, i.e., LPXSG (GI: 15896849); such

variation of the LPXTG-like motif from the canonical

sequence has already been reported in the literature

[109,110,112]. The SpoIID-like protein (GI: 15895771) as

a substrate for sortase is more dubious since (i) two LPXTG

motifs are present in the C-terminal part of the protein, which

both overlap a putative peptidoglycan binding domain (Pfam

01471, E-value=3.0�10�14), (ii) the transmembrane seg-

ment, present after the first LPXTG motif occurring from the

C-terminus is rather short and exhibits a charged lysine

residue (Table 5).

3.2.2.5. Ricin-B proteins. A putative system involved in

xylan degradation was recently speculated to be present in

C. acetobutylicum [9]. The 6 enzymes involved in this

putative complex bear a conserved C-terminal ricin-B

domain, also called CBM 13 (Carbohydrate-Binding Mod-

ule Family 13), involved in carbohydrate binding (Table 6);

four genes encoding a ricin domain are detected on pSol1,

two of them are encoded on the C. acetobutylicum

chromosome. Experimental evidence for the formation of

a cell surface complex is not yet available.
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3.3. The flagella export apparatus (FEA; TC #3.A.6.)

The bacterial flagellum can be subdivided into 5 major

parts: (i) the flagella motor/switch, which operates and

controls a rotary mechanism; (ii) the basal body, a passive

structure which receives torque from the motor and

transmits it to the hook and then to the filament; (iii) the

hook and junction proteins, which function as a universal

joint; (iv) the flagellar filament and its distal cap, which

function like a propeller; and (v) the flagella export

apparatus (FEA), which permits the translocation of some

flagellar components prior to their assembly [113,114].

Based on studies of Gram-negative bacteria, the FEA is

composed of the transmembrane components FlhA, FlhB,

FliO, FliP, FliQ, and FliR, the chaperones FliJ, FlgN,

FliS, and FliT, the ATPase FliI, and its regulator FliH

[113–115]. FliI would permit the coupling of ATP

hydrolysis to protein export and seems negatively regu-

lated by FliH [116]. Except for FlhB, which seems to gate

the export pathway and determines the substrates trans-

ported, the function of the remaining transmembrane

proteins in the transport machinery complex is still unclear

[113,114]. In Gram-negative bacteria, the FEA is related to

the Type III secretion system [30,117–119]. As already

pointed out, because of the presence of an outer membrane

which necessitates additional protein structure(s) to com-

plete the secretion, the Type III system terminology is

restricted to Gram-negative bacteria. In contrast to Gram-

negative bacteria [119–121], in Gram-positive bacteria, the

export of proteins not involved in the flagellum morpho-

genesis has been reported only in Bacillus thuringiensis

[122]. Proteins secreted through the FEA possess no

cleavable signal peptide. From the study of the Type III

secretion system in Gram-negative bacteria, conflicting

evidence exists about (i) secondary or tertiary protein

structure recognition, (ii) the involvement of general and/

or specific chaperones targeting the protein prior to export,

and (iii) cotranslational export involving mRNA recognition

[113]. As a consequence, no conserved recognition signal

for flagellar protein export has been reported yet (Table 6).

Bacterial motility has been experimentally demonstrated

in C. acetobutylicum [123–125], and genes involved in

flagellar assembly are essentially present in two clusters on

C. acetobutylicum chromosome [9,126]. Compared to

Gram-negative bacteria, most of the FEA components could

be identified in C. acetobutylicum (Table 1). As in B.

subtilis, FliO also appears to be missing from the C.

acetobutylicum FEA [90]. Interestingly, as well as a FlhB

homologue (GI: 15893927), an FlhB–FliR fusion protein

(GI: 15895417) is also present, but no FliR homologue

could be found. While the general chaperone FliJ (GI:

15895427) and the FliC-specific chaperone FliS (GI:

15895474) could be identified (Table 1), neither homo-

logues to the FliD-specific chaperone, FliT, nor the FlgK-

and FlgL-specific chaperone, FlgN, could be found in C.

acetobutylicum. In B. subtilis, FlgN is also absent, but a



Table 7

C. acetobutylicum proteins secreted through the flagellar export apparatus

Homologue GI Function

Rod

FliE 15895432 Integral membrane ring (MS ring)

junction protein

Table 5

Substrates of the sortase in C. acetobutylicum

GI Function Cleavage site C-terminal domain

Transmembrane segment Charged tail

15893498 Phosphohydrolase, Icc family LPKTGE FFDATMLLSIALICLASGAILIFV NKKKSSPTK

15893644 2,3-Cyclic-nucleotide 2Vphosphodiesterase LPKTGS MIDSTVLLIIGTLLLLLGLAFIIW NKFKNKQKSVQ

15895771 SpoIID-like protein LPVTGN VDAATLKVINNMLI NKPETKNLIF

15896849 Membrane protein LPKSGG ILINLWSLFIVFVIILFFTFLIF KNILRILKKYQPIELIRGA
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FliT homologue had been identified [90]. By analogy with

proteins known to be secreted through the FEA in Gram-

negative bacteria [113,127], 16 proteins all involved in

flagellar morphogenesis could be identified as substrates of

this system in C. acetobutylicum (Table 7).

3.4. The fimbrilin protein exporter (FPE; TC #3.A.14)

In B. subtilis, the components of the FPE systems are

encoded by the comG locus, which consists of seven CDS

(comGA-GG), and comC, which is located elsewhere on the

chromosome. Because proteins encoded by the comG

operon and comC of Gram-positive bacteria resemble

proteins found in Type II secretion system (TTSS), the

Type 4 pilus (Tfp) assembly apparatus, and Type IV

secretion system (TFSS) of Gram-negative bacteria, they

have also been collectively called PSTC (pilus/secretion/

twitching motility/competence) [128,129]; the mechanism

involved has been suggested to be ancient and predating the

divergence of Gram-positive and Gram-negative bacteria. In

B. subtilis, which is the only Gram-positive bacterium

where the FPE has been experimentally investigated, the

FPE is part of the Com (competence development) pathway,

which allows the internalization of exogenous DNA [17].

The Com pathway involves (i) the FPE, which may form a

channel across the cell wall, permitting incoming DNA to

access (ii) the bacterial competence-related DNA trans-

formation transporter (TC #3.A.11), which permits bacterial

DNA uptake across the cytoplasmic membrane

[67,128,130]. In the FPE, the ATPase ComGA is homolo-
Table 6

C. acetobutylicum proteins encoded on pSol1 and bearing C-terminal ricin-

B domain

GI Annotation

15004775 Possible xylan degradation enzyme (alpha/beta hydrolase

domain and ricin-B-like domain)

15004821 Possible xylan degradation enzyme (glycosyl hydrolase

family 30-like domain and ricin-B-like domain)

15004822 Possible xylan degradation enzyme (glycosyl hydrolase

family 30-like domain and ricin-B-like domain)

15004823 Possible xylan degradation enzyme (glycosyl hydrolase

family 43-like domain, cellulose-binding domain and

ricin-B-like domain)

15893994 Endo-1,4-beta glucanase (fused to two ricin-B-like

domains)

15893866 Endo-arabinase related enzyme (family 43 glycosyl

hydrolase domain and ricin-B-like domain)
gous to PulE of the TTSS, PilB of the Tfp assembly

apparatus, and VirB11 of the TFSS in Gram-negative

bacteria [129]. The integral membrane protein ComGB is

homologous to PulF of the TTSS and PilC of the TFP [129].

ComGF is required for the binding of DNA to the cell

surface but has no known orthologue [128]. The prepilins

ComGC, ComGD, ComGE, and ComGG exhibit similar-

ities to Type 4 prepilins [131]. ComC is a prepilin-specific

SPase, which cleaves the prepilins between the n- and h-

domains of the signal peptide [17]; those signal sequences

belong to the class 3.

TC-DB searches of the C. acetobutylicum genome

revealed that a protein, initially annotated as a general

secretion pathway ATPase (GI: 15895375), is homologous

to ComGA, VirB11, PulE, and PilB (Table 1; see also

Supplementary material in Appendix A) [129,132]. A

domain characteristic of the ATPase components of the

TTSS and TFSS could also be identified (PF00437; E-

value=5.2�10�101). Next to its gene, TC-DB searches

revealed the presence of a second CDS (GI: 15895374)

coding for a protein homologous to ComGB, PulF, and PilC

(Table 1; see also Supplementary material in Appendix A)
FlgB 15895434 Basal-body rod protein, transmission shaft

FlgC 15895433 Basal-body rod protein, transmission shaft

FlgF 15895409 Basal-body rod protein, transmission shaft

FlgG 15895408 Distal rod protein, transmission shaft

Hook

FlgD 15895422 Hook capping protein, off during

hook/filament transition

FlgE 15895423 Hook protein

FliK 15895426 Hook length control protein

FlgK 15895480 First hook filament junction protein

FlgL 15895471 Second hook filament junction protein

15895424 Flagellar hook associated protein

Filament

FliD 15895473 Filament capping protein

FliC 15894833 Flagellin

15895436 Flagellin

15895476 Flagellin

15895479 Flagellin

15895413 Flagellin

FlgM 15895482 Antiflagellar j factor
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and predicted to possess three membrane spanning segments

by TMpred. Looking for a ComC-like protein, a Type 4

signal peptidase (GI: 15896039) was located elsewhere on

the chromosome (Table 1; see also Supplementary material

in Appendix A). No homologue to ComGF could be

identified. When searching for substrates of the FPE, four

proteins predicted to possess Type 4 prepilin signal peptides

(GI: 15895370-15895373) were encoded by CDS located

downstream of comGA and comGB (Table 8). An addi-

tional putative Type 4 prepilin (15894276) is encoded

elsewhere on the chromosome (Table 8). These proteins

were originally annotated as prepilin peptidases, hypo-

thetical proteins, or as belonging to general secretory

pathway; PSI-BLAST searches indicated that they were

all homologous to fimbrial proteins/pilin precursors (E-

values �4.0�10�24 after 2 iterations). As in B. subtilis, the

coding regions of the first four CDS present downstream of

comGB overlap [67]; it was suggested that such an

arrangement allows the translational coupling of the CDS

involved to ensure that the synthesis of their cognate

proteins is closely coordinated. Therefore, it seems that a

complete set of proteins related to FPE is present in C.

acetobutylicum (Table 1).

3.5. The tight adherence (Tad) export apparatus

The Tad system, encoded by the tadZABCDEFG locus,

is a newly characterized secretion pathway firstly described

in Actinobacillus actinomycetemcomitans and that allows

the secretion and assembly of Flp pili, which mediate the

tight adhesion of bacteria to surfaces and are essential for

colonization and pathogenesis [133,134]. From a genomic

survey, it appears that tad-related loci are widespread

among bacteria and have undergone extensive gene

shuffling and horizontal gene transfer [135]. To date, a

Tad locus has been reported in four Gram-positive bacteria,

namely Corynebacterium diphteriae, M. tuberculosis, M.

bovis, and Streptomyces coelicolor [135]. As the Flp pili

do not have to cross an outer membrane in Gram-positive

bacteria, the genes necessary for pilin secretion across the

outer membrane are absent. Thus, in Gram-positive

bacteria, the tad locus is shorter than in Gram-negative

bacteria and appears only to encode TadZ, TadC, TadB,

and TadA [135]. TadA is an ATPase localized at the
Table 8

Predicted signal sequences substrates of the Type 4 prepilin signal peptidase in C

a The positively charged n-domain is indicated in bold letters and the hydrop

peptidase is underlined. Predicted cleavage site is indicated with a gap in the a.a
periphery of the cytoplasmic membrane [136]. TadB and

TadC are integral membrane proteins that may form homo-

or hetero-oligomeric structures in association with TadA

and thus constitute the secretion apparatus [129]. No

function has yet been attributed to TadZ, but it appears

to be an essential component of the Tad system, with no

homologue in any other known bacterial protein secretion

system [135,137]. The Flp prepilins secreted through this

system share homology with other Type 4 prepilins

[138,139]. However, they belong to a distinct subfamily

and are distinguished by (i) a relative small size(<90 a.a.),

(ii) a shorter carboxy-terminal domain, and (iii) an

invariant tyrosine residue immediately following the con-

served glutamate conserved tyrosine residue [138,139]. flp-

like genes are closely linked to almost every tad locus

identified so far.

In. C. acetobutylicum, Pfam searches identified a protein

(GI: 15895251) with an ATPase domain (PF00437; E-

value=1.4�10�9) which was previously predicted to be

involved in pili biogenesis. A CDD search of this protein

revealed a domain (COG4962; E-value=3.0�10�88) related

to the Flp pilus assembly protein ATPase CpaF (GI:

15155107), a TadA homologue from Agrobacterium tume-

faciens [135,137]; PSI-BLAST searches clearly indicated

that this protein is homologous to TadA of A. actino-

mycetemcomitans (GI: 32452626; E-value=2.0�10�23).

PSI-BLAST searches also revealed that two proteins (GI:

15895250 and 15895249) encoded downstream of this gene

were homologous to TadB and TadC, respectively (after 1

iteration, E-value=3.0�10�88 and 4.0�10�53, respec-

tively); CDD searches identified that 15895249 possesses

a COG2064 domain related to the Flp pilus assembly

protein TadC (E-value=3.0�10�10). PSI-BLAST searches

revealed the CDS located upstream of tadA (GI: 15895252)

is homologous to CpaE from Vibrio vulnificus (GI:

37680838; E-value=2.0�10�88 after 3 iterations), i.e. a

TadZ homologue [135,137]. Therefore, in C. acetobutyli-

cum, a tad operon seems to be present (Table 1) [135].

However, taking into account the features of Flp prepilin,

searches at a.a. and nucleotide levels in proximity of the tad

operon, as well as within the whole genome, did not reveal

the presence of homologue(s) to Flp prepilin(s). No prepilin

other than the ones already described for the FPE system

could be identified (Table 8).
. acetobutylicum

hobic h-domain is shaded grey. The recognition sequence by the prepilin

. sequence.
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3.6. The holins (TC #1.E.)

Holins are small membrane proteins whose function is

mainly associated with the collapse of the membrane

potential and permeabilization of the membrane [140].

Concomitant to the holin-mediated permeabilization event,

a protein is secreted across the cytoplasmic membrane.

Holins are also involved in the secretion/activation of

enzymes with muralytic activities, which hydrolyze the

cell wall polymer as a prelude to cell lysis [141]. The

primary function of holins then appears to be the transport

of specific lytic enzymes lacking N-terminal signal

sequences. It is important to emphasize that the structure

of holins is still uncertain, but they are believed to be

present as homo-oligomeric complexes that form pores

through the cytoplasmic membrane, which provide a

passive, energy-independent transport function [140].

Twenty-one distinct families of holin proteins are currently

recognized in TC-DB. In C. acetobutylicum, three holin-

like proteins with no detectable N-terminal signal peptide

were found (Table 1).

The first holin is a protein of 117 a.a., lacking putative

signal sequence, and previously annotated as a predicted

membrane protein of the YohJ family (GI: 15893901).

However, it shows 32% identity and 60% similarity to

LrgA, a holin originally identified in S. aureus (GI:

1575025), and harbours the LrgA family domain

(PF03788; E-value=1.3�10�33), thus it should be classified

as TC #1.E.14 (Table 1). As with LrgA, and as predicted by

TMpred, this homologue possesses 4 putative TMSs. This

protein family acts as murein hydrolase exporters involved

in programmed cell death, a process that is analogous to

apoptosis in eukaryotes [141]. As in S. aureus, this LrgA

homologue clusters with its potential substrate, originally

annotated as a predicted membrane protein of the YohK

family (GI: 15893900), a potential membrane associated

protein homologous to LrgB (GI: 1575026) with 28%

identity and 47% similarity [142]. In S. aureus, an

additional operon, designated cidAB, where the gene

products CidA and CidB share 23% and 32% identity with

LrgA and LrgB, respectively, functions in a way dramati-

cally opposed to the lrgAB operon [143]. While lrgAB genes

confer negative control on extracellular murein hydrolase

activity, cidAB genes activate autolysis. Therefore, CidA

would act as a holin while LrgA would act as an antiholin.

In C. acetobutylicum, homologues of CidA and/or CidB

could not be identified on the chromosome. However, a

second putative holin encoded on the megaplasmid pSol1

and originally annotated as a membrane protein (GI:

15004877) is homologous to LrgA (41% identity and 55%

similarity), but this gene is not part of an operon with a lrgB

or cidB homologue (Table 1). PSI-BLAST searches revealed

the presence of three probable autolysins lacking putative

signal sequences which could be substrate for these holins

(GI: 15893844, 15895879, and 15895935). One of them,

annotated as an autolytic lysozyme (GI: 15893844), has
already been reported as being involved in C. acetobutyli-

cum autolysis [144].

From a Pfam search, a protein originally annotated as an

uncharacterized protein, B. subtilis YtkC orthologue, and

related to the regulatory protein UtxA (GI: 15895117)

possesses a holin domain related to TcdE (PF05105; E-

value=1.7�10�49) (Table 1). In C. difficile, tcdE is located

between the genes tcdA and tcdB, which encode two large

toxins [145]. The holin TcdE then permits the release of

TcdA and TcdB into the extracellular medium. In C.

acetobutylicum, no genes coding for toxins could be found

in proximity to the gene coding for the TcdE-like protein.

However, PSI-BLAST, TC-DB, and Pfam searches revealed

the presence of a gene encoding a protein lacking a potential

signal sequence (GI: 15893630) and possessing a clostridial

binary toxin A domain (PF03496; E-value=2.1�10�74),

and exhibiting 27% identity and 42% similarity with the

actin-specific ADP-ribosylating binary toxin genes CtdA

from C. difficile (GI: 8926247). This constitutes the first

report of such an exotoxin in C. acetobutylicum.

3.7. The ESAT-6/WXG100 secretion system

ESAT-6 family genes encode small proteins which were

originally identified inM. tuberculosis [146]. These proteins

are potent T-cell antigens of fundamental importance in

bacterial virulence [147]. ESAT-6 proteins are secreted into

the extracellular milieu even though a typical Sec-dependent

signal sequence is lacking. A genome sequence survey has

permitted the identification of distant homologues of ESAT-

6 in both high and low G+C Gram-positive bacteria [56].

The secretion of ESAT-6-like proteins in low G+C Gram-

positive bacteria was recently demonstrated in S. aureus

[57]. In C. acetobutylicum, nine ESAT-6 proteins were

originally reported [9,41]. Using BLAST, PSI-BLAST, and

Pfam searches, one other putative ESAT-6 protein was

identified in C. acetobutylicum (Fig. 3). Altogether, ten

potential ESAT-6/WXG100 proteins were identified, which

all possess a conserved WXG motif, with a protein length of

approximately 100 residues, and with no signal sequence

identified using SignalP, PSORT, or searching for lip-

oproteins. No N-terminal signal peptide could be detected.

While no function could be attributed to the ESAT-6/

WXG100 proteins, they all share the Pfam domain PF06013

referring to proteins of 100 residues with WXG motif and

could be hypothesised to play a role in bacterial virulence

[57,148]. The corresponding genes are present in four

clusters, three of which also contain YukA homologues

(Table 1).

From a genomic survey, it was revealed that ESAT-6

genes cluster systematically with large membrane-bound

ATPases similar to YukA from B. subtilis [41]. In M.

tuberculosis and S. aureus, it was demonstrated that

YukA-like proteins are involved in the translocation of

ESAT-6-like proteins and, thus, would form a novel Gram-

positive secretion system [23,42,57]. No TC number has



Fig. 3. Sequence alignment of ESAT-6/WXG100 proteins present in C. acetobutylicum. The WXG motif is squared. Sequence alignments were performed

using ClustalW, with minor manual refinement using BioEdit.
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yet been attributed to this novel transport system. At the

C-terminus of all YukA homologues, an AAA-ATPase

domain (IPR003593),which is also present in Gram-

negative Type II and Type IV secretion systems, is found

and has been suggested to supply energy for ESAT-6/

WXG100 protein secretion [41]. Interestingly, in YukA-

like proteins from C. acetobutylicum, a forkhead-associ-

ated (FHA) domain (PF00498; E-value �5.8�10�9)

normally involved in phosphopeptide recognition is also

present at the N-proximal end. Generally, the presence of

such a domain strongly suggests interaction with a protein

partner in a process regulated by reversible phosphoryla-

tion [149,150]. Signalling interactions between proteins

encoded within the WXG100 clusters of C. acetobutylicum

have been speculated [151].
4. Discussion

Among low G+C Gram-positive bacteria, protein

secretion in C. acetobutylicum could clearly be investigated

as an alternative model to B. subtilis. One of the most

striking differences is the apparent absence of a Tat pathway.

It should be noted, however, that until experimental

evidence becomes available, the absence of homologues in

any bacterial genome does not necessarily indicate that

functional analogues of such proteins are absent; this

requires more experimental investigation to be confirmed.

At least five protein secretion pathways alternative to the

Sec-dependent pathway seem to be present for the transport

of specific proteins in C. acetobutylicum. This computa-

tional analysis is a prelude to in vivo study of the proteins

secreted by C. acetobutylicum; such proteomic investiga-

tions of protein secretion in C. acetobutylicum may also

reveal the presence of secreted proteins that could not be

predicted by genome sequence analyses [152–154]. Alter-

natively, the number of truly secreted proteins, i.e., in the

extracellular milieu, could be overestimated by in silico
approaches, especially in clostridia, because of the lack of a

reliable data set for the refinement of signal peptide

predictions. For example, several proteins predicted to

possess cleavable signal peptides such as SPases, SecD, or

SecF are probably not cleaved. This also stresses the need

for further experimental work to validate or invalidate such

bioinformatic analyses. Studies published so far on the

clostridial secretome appear to indicate a high discrepancy

in the number of secreted proteins in various clostridial

species, from 15 in C. difficile to over 200 in C. perfringens

[155,156]. From this bioinformatic investigation, we could

expect an even higher number of proteins to be secreted by

C. acetobutylicum.

Surprisingly, from this study, a number of potential

virulence factors secreted either via the Sec-translocon, the

holins, or the ESAT-6/WXG100 secretion system have been

reported. The presence of such virulence factors has never

been emphasized by previous investigations and is quite

unexpected for a saprophytic environmental bacterium

commonly considered as non-pathogenic to animals or

plants [9,11]. This aspect of C. acetobutylicum physiology,

which has never been investigated previously, undoubtedly

requires further in-depth investigations to assay the expres-

sion of pili and virulence factors, as well as their functions

and activities. The lack of investigations in this direction in

C. acetobutylicum certainly results from its highly recog-

nized status as a biotechnological microorganism [1,2].

With 602 proteins identified as potential substrates of

the Sec translocon, this apparatus appears to be the

primary secretion pathway used in C. acetobutylicum

(Tables 1 and 2). The majority of these proteins have no

clear identified function (44%). The second largest group

of secreted proteins is dedicated to carbohydrate metabo-

lism (15%), which is highly relevant to the lifestyle of this

soil microorganism. Each of the other categories of

secreted proteins represents less than 9% of the total

number of proteins secreted via the Sec translocon in C.

acetobutylicum. The number of secreted proteins related to
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bacterial virulence has also been identified, including

phospholipase C, virulence factor MviN, hemolysins, and

adhesins (Table 2). Compared to B. subtilis [20,153], in C.

acetobutylicum, the number of proteins secreted via the

Sec translocon for which no function has been attributed is

high. Alone, this stresses the necessity to carry out

proteomic analysis of this microorganism in order to

confirm the secretion of these proteins and to further

characterize their function and regulation [157]. With the

exception of SecB, all components of the Sec system could

be identified in C. acetobutylicum. In S. pyogenes, it was

recently shown that protein secretion through the Sec

pathway occurs at a distinct microdomain of the cytoplas-

mic membrane dedicated to protein export, i.e. the exportal

[158]; it was suggested that such a subcellular organization

may represent a paradigm in Gram-positive bacteria. The

absence of SecB seems a general feature of Gram-positive

bacteria [17,20]. Interestingly, in E. coli, when proline or

glycine is present in the middle of the a-helical h-domain

of signal sequences of Sec-dependent secreted proteins,

these residues would promote the formation of a hairpin-

like structure that would permit the complete insertion of

the signal peptide into the cytoplasmic membrane [20].

The presence of these helix-breaking residues in the h-

domain of signal sequences also appears to be an

important parameter discriminating between SRP-targeting

or SecB-targeting pathways [159]. From a recent study in

E. coli, it appeared that some secreted proteins could be

translocated via the Sec translocon in an SRP- and SecB-

independent manner, which would involve either the

requirement of other unidentified chaperone(s), targeting

factor(s), or no accessory factor at all [87].

Concerning protein display on the bacterial cell surface,

one of the most unexpected findings from genome analysis

of non-cellulolytic C. acetobutylicum was the presence of a

cluster of cellulosomal genes closely related to C. cellulo-

lyticum [9,160,161]. While these genes were originally

described as cryptic, i.e. possessing frameshifts and/or

disabled promoters [162], more recent investigation

revealed that a >665 kDa cellulosome was expressed by

C. acetobutylicum but was inactive against crystalline

cellulose [105].

Altogether, four potential protein substrates for sortase

were identified. In comparison to other bacterial genomes,

the number of sortase-like proteins and LPXTG-proteins is

quite low in C. acetobutylicum. Interestingly, in Gram-

positive bacteria, most of the surface proteins anchored by a

sortase mechanism have a role in virulence, and the number

of sortase substrates tend to be higher in pathogenic bacteria

[110,163]. Two other speculative cell surface complexes

have been proposed in C. acetobutylicum, i.e., ricin-B and

ChW protein-based complexes [9]. Because of the presence

of a highly conserved Gly-Trp dipeptide motif [9], it is

tempting to speculate that ChW proteins could be GW-

related proteins. However, while repeats similar to ChW

proteins have been detected only in proteins from S.
coelicolor [9], the presence of GW modules have been

reported only in proteins from Listeria and Staphylococcus

spp. [95]. In S. pneumoniae, the choline-binding proteins

LytA or PspA contain short repetitive modules with

conserved GW peptides, which allow binding to lipotei-

choic acids, but due to weak similarity are not currently

considered to be GW proteins [95]. Additionally, GW

domains of L. monocytogenes have been shown to be

structurally and evolutionary related to SH3b domains,

present in p60 for example, but are considered unlikely to be

functionally similar [164]. Also, further investigations are

necessary to (i) experimentally assay the binding of ChW

proteins to lipoteichoic acids, and (ii) clarify the phyloge-

netic relationships between proteins containing repetitive

GW modules involved in binding to lipoteichoic acids.

In Gram-negative bacteria, pili are secreted and

assembled by different pathways, namely, (i) the Tfp

assembly apparatus, (ii) the Type III protein secretion

pathway for Hrp pili, (iii) the TFSS for the T and F pili,

(iv) the chaperone/usher pathway for the Type 1 and P pili,

and (v) the recently discovered Tad system for the Flp pili

[135,165]. It should be stressed that in Gram-positive

bacteria, the denominations of the Types II, III, and IV

and chaperone/usher secretion pathways are irrelevant. To

date, assembly mechanisms involving (i) the Sec-translocon

and sortases [166] and (ii) the Tad system [135] seem the

only ones potentially involved in pili formation in Gram-

positive bacteria. Since among the sortase-substrates iden-

tified in C. acetobutylicum, none share similarity with pilin

proteins [166], only the Tad system may be involved in pili

formation in this microorganism. The fact that C. acetobu-

tylicum is phylogenetically distant from g- and a-proteo-

bacteria, as well as Actinobacteria, which are the only

bacterial classes where the tad loci have been so far

reported, could explain the failure to identify Flp pilins in

this microorganism. In B. subtilis, despite being related to

the Tfp, the FPE is not involved in the formation of pili per

se [167,168]. Besides, the involvement of FPE in the

formation of proper pili in other Gram-positive bacterial

species has never been investigated. Interestingly, in C.

acetobutylicum, a protein annotated as a PilT ATPase,

involved in pili biogenesis (GI: 15894967), shares 46%

(over 158 out of 338 a.a.: 158/338) identity and 64% (222/

338) similarity with PilT from Pseudomonas aeruginosa

(GI: 77679). In Gram-negative bacteria, besides being

involved in the twitching motility of Tfp [169], PilT has

been demonstrated as essential to the DNA uptake phase of

competence for natural transformation [170]. The involve-

ment of this PilT homologue in the transformation

competence development of C. acetobutylicum requires

further investigation. Importantly, while the presence and

the role of fimbriae have been reported to play a part in the

virulence of some pathogenic clostridia [171], these aspects

have never been investigated in C. acetobutylicum. Sim-

ilarly, flagellar assembly has not been thoroughly inves-

tigated in Gram-positive bacteria, including clostridia [172],
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and contrary to Gram-negative bacteria, secretion through

this apparatus of proteins different from those involved in

flagellar assembly has been reported only once [122].

Such an in silico approach should encourage in vivo

investigations of protein secretion in Clostridia as well as in

other Gram-positive bacteria; this should reveal further

information and permit the use of organisms other than B.

subtilis as models of Gram-positive bacterial protein

secretion. Compared to pathogenic Gram-positive bacteria,

especially within the genus Clostridium, Corynebacterium,

or Mycobacterium, the investigation of protein secretion

mechanisms, such as Tad, holins, and especially the

speculative ESAT-6/WXG100 system, would be facilitated

in this more tractable bacterium for which a large number of

molecular biology tools are available [173,174]. Moreover,

the understanding of protein secretion systems in C.

acetobutylicum, which has been long used in industrial

bioprocesses, could give rise to some interesting biotechno-

logical and/or biomedical applications [1,2].

In industry, C. acetobutylicum has essentially been used

for acetone–butanol production, but it also produces other

metabolites of high industrial interest, notably ethanol,

acetate, and hydrogen. Worldwide, several research teams

currently focus on the production of these high-value

products from inexpensive renewable resources, such as

lignocellulosic biomass. While the metabolism of this

bacterium has been thoroughly investigated at both bio-

chemical and molecular levels, few investigations have been

dedicated to protein secretion. Knowledge of prevalent

protein secretion systems and signal sequence features, such

as the length and/or preferred a.a. at certain positions, is of

great value for any attempt to efficiently express heterolo-

gous proteins in C. acetobutylicum. Protein display on the

bacterial cell surface or secretion into the extracellular

medium is of key importance in the capacity of a bacterium

to interact and adapt to its surroundings, either by sensing

changes in environmental conditions, harbouring enzymatic

activities, mediators of motility, adhesion factors, or

virulence factors. Since the capacity of C. acetobutylicum

to degrade biomass results primarily from its capacity to

secrete degradative enzymes, knowledge of protein secre-

tion should not be underestimated for such attempts. In this

respect, the cellulosome is of great interest because of the

synergistic effects of the cellulosomal enzymes [160,175].

Indeed, it may be possible to engineer cellulosomes

containing defined, heterologous, or engineered proteins

which could improve plant cell wall degradation. From such

cellulosomes, artificial metabolic pathways could also be

developed combining various catalytic activities; this opens

the way to a wide range of biotechnological applications.

Still, the mechanisms of surface display and assembly of the

different cellulosome components have not been addressed

yet in the literature and would require further research to

reach such a goal. In this respect, investigations of other

macromolecular structures potentially present on the bacte-

rial cell surface, such as ricin-B or ChW protein-based
complex, should be carried out. From an industrial point of

view, it should also be mentioned that control of bacterial

lysis is of key interest especially in processes involving the

use of bioreactors. This necessitates a better understanding

of secretion systems, i.e., Sec and holins secretion pathways,

and the regulation mechanisms involved in cell death. It

should be stressed that lytic transglucosylases are involved

in the autolysis of bacteria but also in the assembly of

macromolecular transport systems such as pili [176].

From a biomedical point of view, several clostridial

hydrolytic enzymes and toxins of interest have already been

discussed in the literature, such as collagenase, which could

be used as an anchoring unit in engineered proteins, or

botulinum toxin, which is already used in the treatment of a

myriad human neuromuscular disorders [177–179]. A very

remarkable feature of clostridia relies on the capacity of

their spores to specifically and selectively target tumours

[180,181]. The predilection of clostridial spores to germi-

nate in hypoxic/necrotic regions of tumours is likely due to

the poor vascularisation of solid tumours, which, in turn,

creates favorable anaerobic conditions for the growth of

clostridia, causing lysis and degradation of necrotic tissue

[182]. Importantly, contrary to live bacteria that could be

toxic when injected intravenously, bacterial spores are

nontoxigenic to normal animals. However, the sole injection

of clostridial spores from various species has had limited

clinical success. Alternative strategies have been recently

developed, namely (i) combination bacteriolytic therapy

(COBALT), where clostridial spores are administrated

together with conventional chemotherapeutic drugs [183],

and (ii) clostridial-directed enzyme prodrug therapy

(CDEPT), where clostridia are used as drug delivery

systems [180]. One pledging approach in CDEPT is the

antibody-directed enzyme prodrug therapy (ADEPT), where

an enzyme is linked either chemically or genetically to

tumour-targeting antibody [181]. A combination of these

different strategies should bring new hope for future cancer

treatment. The use of C. acetobutylicum in oncolysis and as

a tumour-delivery system also seems a promising approach

[184–186]. The advantages of C. acetobutylicum over other

clostridial species are that (i) neither the live bacteria nor

clostridial spores are toxigenic, (ii) it is the only non-

pathogenic Clostridium sequenced so far, (iii) a large range

of molecular biology tools are readily available to genet-

ically manipulate this bacterium, and (iv) this bacterium

expresses a cellulosome which could be engineered to

express artificial metabolic pathways of interest in cancer

treatment. While the aspects of alternative therapeutic

strategies have been investigated, little is known about the

mechanisms permitting the specific targeting of tumours by

Clostridia [187]. In fact, it can be legitimately hypothesised

that motility, adhesion factors, and/or secreted enzymes play

an important role in the colonization and digestion of the

tumours. Also, in order to develop efficient anti-cancer

therapies based on the use of clostridia, knowledge of

protein secretion systems, effector molecules, and regulatory
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mechanisms involved during oncolysis is certainly as

important as the development of new drugs and/or delivery

systems. An intriguing observation is the presence of

proteins possessing cell adhesion domains together with

the presence of a Tad system in C. acetobutylicum. These

could play essential roles in colonization and maybe

pathogenesis [134].

While this investigation provides the first overview of

protein secretion systems present in a Clostridium, it also

raises a number of questions which would undoubtedly

necessitate further investigations: How many proteins are

really secreted by C. acetobutylicum? How is their secretion

regulated? Are the FPE, Tad, holins, and ESAT-6/WXG100

pathways functional in C. acetobutylicum? What are their

physiological roles and secretion mechanisms? Do extrac-

ellular macromolecular structures such as ricin-B and ChW

proteins-based complexes exist? What are their functions?

How do these macromolecular complexes, including the

cellulosome, assemble on the bacterial cell surface? Are the

potential virulence factors (i.e. pili, toxins, adhesins,

mediators of motility) of C. acetobutylicum expressed and

functional? How are they related to the pathogenicity of this

microorganism towards plant and/or mammalian cells?
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