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Abstract

The plasmid encoded toxin, Pet, is a prototypical member of the serine protease

autotransporters of the Enterobacteriaceae. In addition to the passenger and b-

domains typical of autotransporters, in silico predictions indicate that Pet

possesses an unusually long N-terminal signal sequence. The signal sequence can

be divided into five regions termed N1 (charged), H1 (hydrophobic), N2, H2 and

C (cleavage site) domains. The N1 and H1 regions, which we have termed the

extended signal peptide region, demonstrate remarkable conservation. In contrast,

the N2, H2 and C regions demonstrate significant variability and are reminiscent

of typical Sec-dependent signal sequences. Despite several investigations, the

function of the extended signal peptide region remains obscure and surprisingly

it has not been proven that the extended signal peptide region is actually

synthesized as part of the signal sequence. Here, we demonstrate that the extended

signal peptide region is present only in Gram-negative bacterial proteins originat-

ing from the classes Beta- and Gammaproteobacteria, and more particularly only in

proteins secreted via the Type V secretion pathway: autotransporters, TpsA

exoproteins of the two-partner system and trimeric autotransporters. In vitro

approaches demonstrate that the DNA region encoding the extended signal

peptide region is transcribed and translated.

Introduction

The targeting of proteins to different cellular compartments

is a major issue in cell biology, particularly when it involves

translocation across biological membranes. Gram-negative

bacteria possess two biological membranes and have evolved

six major pathways (Type I–V and the chaperone-usher

pathways) for the transport of soluble proteins to the extra-

cellular milieu (Henderson et al., 2004; Thanassi et al., 2005).

The Type V secretion system (Type V secretion system)

can be subdivided into (1) the classical autotransporters,

(2) the Two-Partner Secretion pathway and (3) the recently

described trimeric autotransporters (Henderson et al., 2004).

In comparison with the other Gram-negative bacterial secre-

tion systems, the Type V secretion system (1) possesses the

least complex secretion apparatus (Desvaux et al., 2004a;

Henderson et al., 2004), (2) appears to be the most widely

distributed system among Gram-negative bacteria (Pallen

et al., 2003) and (3) is a premium source of virulence factors

(Henderson et al., 2004; Henderson & Desvaux, 2004).

Indeed, the importance of the Type V secretion system is

underscored by the essential nature of some members of this

family in the disease process of certain bacteria e.g. IcsA of

Shigella spp. (Yen et al., 2002; Katz et al., 2004).

While the precise mechanism of outer membrane trans-

location differs between each subgroup of the Type V

secretion system, based on current dogma, the system can

be briefly defined as a system permitting translocation of

proteins, which fold largely into b-helical structures, across

the outer membrane via a b-barrel transmembrane pore,

with outer membrane translocation occurring in the ab-

sence of an apparent energy input i.e. ATP (Henderson et al.,

1998, 2004; Desvaux et al., 2004a, b). In the current model

for a Type V secretion system, the signal peptide first targets
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the exoprotein destined for secretion to the inner membrane

Sec translocon (SecYEG), which then exports the protein

into the periplasm (Henderson et al., 2004). The majority of

proteins secreted via the Type V secretion system have signal

sequences that possess the canonical N (charged), H (hydro-

phobic) and C (signal peptidase cleavage site) domains

associated with translocation via the classical posttransla-

tional pathway (Henderson et al., 1998, 2004). However,

several members of this family were noted to have unusual

signal peptides that exceed 50 amino acids in length

(Henderson et al., 1998). While these unusual signal pep-

tides do possess the canonical domains associated with

signal sequences of the post-translational pathway (N2, H2

and C), they are distinguished by an N-terminal extension,

which possesses an additional charged domain (N1) and an

additional hydrophobic domain (H1) (Fig. 1). Interestingly,

and in contrast to the normal posttranslational signal

peptides, which are highly degenerate, the N-terminal

extensions of these signal peptides possess a high degree of

conservation (Henderson et al., 1998, 2004). Such conser-

vation is often indicative of a conserved function and

suggests that these N-terminal extensions may play an

important role in the biogenesis of proteins secreted via the

Type V secretion system.

The authors were among the first to suggest that the

unusual signal peptide could play a role in targeting proteins

to an alternative inner membrane translocation pathway

such as the cotranslational signal recognition particle path-

way or the twin arginine translocon pathway (Henderson

et al., 1998). Indeed, in the intervening years, the precise role

of the extended signal peptide region has become a subject

of considerable controversy, with several studies arguing for

a targeting mechanism involving the cotranslational signal

recognition particle, while others indicate a post-transla-

tional pathway to inner membrane translocation (Peterson

et al., 2003, 2006; Sijbrandi et al., 2003; Chevalier et al.,

2004). While a definitive answer to the mode of inner

membrane translocation is still awaited, it now appears from

several studies that the extended signal peptide region is

involved in regulating the rate at which the proteins migrate

to the periplasmic space (Chevalier et al., 2004; Szabady

et al., 2005; Peterson et al., 2006). Interestingly, despite the

controversial nature of the extended signal peptide region in

the biogenesis of proteins secreted via the Type V secretion

Fig. 1. Structure of the Pet signal peptide. (a) Nucleic acid sequence and translated amino acid sequence of the N-terminal region of the gene encoding

Pet. The nucleotides of the ORF are italicized. The amino acid sequence corresponding to the unusually long signal sequence is indicated in bold

lettering. The signal peptide cleavage site, previously suggested by Eslava et al. (1998) and confirmed in the present study, is symbolized with .. The

putative initiation codons are highlighted by grey boxes. The putative ribosome-binding sites are highlighted by clear boxes. The putative promoter

region (�35 and �10 boxes) previously proposed by Eslava et al. (1998) is indicated. The transcriptional start site determined in the present study is

indicated with 1. (b) Kyte and Doolittle scale mean hydrophobicity profile of the Pet signal sequence. The hydrophobicity profile was established with a

scan-window size of 10 and demonstrates the position of the two charged domains (N1 and N2) and the two hydrophobic domains (H1 and H2). (c) The

highly conserved residues in the Pet extended signal peptide region are indicated. The percentage identity and similarity are given for each amino acid in

the Pet extended signal peptide region when compared with the consensus resulting from amino acid sequence alignment of the 122 reported

extended signal peptide region sequences. Very highly conserved residues are shaded in black (percentage of similarity Z98%).
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system, it has not been definitively proven that this region is

transcribed and translated as a functional portion of the

signal sequence. Here, we demonstrate that the DNA region

encoding the extended signal peptide region of Pet is

transcribed and translated, indicating that an unusually long

52 amino acid signal sequence is produced. Furthermore, we

reveal that the conserved extended signal peptide region is

present only among members of the Type V secretion

system, including the autotransporters, the exoproteins of

the two-partner system and trimeric autotransporters, and

only in Gram-negative bacteria originating from the classes

Beta- and Gammaproteobacteria.

Materials and methods

Bioinformatics analyses

BLAST and PSI-BLAST (Altschul et al., 1990, 1997) searches

were performed from VIRULOGENOME (http://www.vge.ac.uk)

and COLIBASE (http://colibase.bham.ac.uk) (Chaudhuri et al.,

2004). For phylogenetic analysis, sequence alignments were

subjected to distance matrix and neighbour joining methods

using CLUSTALX v1.81 (ftp://ftp-igbmc.u-strasbg.fr/pub/Clus-

talX/) (Thompson et al., 1997) and visualized using BIOEDIT

v7.0.4.1 (http://www.mbio.ncsu.edu/BioEdit/bioedit.html)

(Hall, 1999). The resulting phylogenetic trees were visua-

lized with TREEEXPLORER v2.12 (http://evolgen.biol.metro-

u.ac.jp/TE/TE_man.html). Kyte and Doolittle scale mean

hydrophobicity profiles were determined from BIOEDIT.

Bacterial strains, plasmids and culture
conditions

Strains were generally stored at � 80 1C in Luria–Bertani (LB)

broth with 15% glycerol and were passaged routinely on LB

broth or agar with the following supplements where appro-

priate: ampicillin (100mg mL�1), kanamycin (50mg mL�1),

nalidixic acid (50mg mL�1) and isopropyl-b-D-thiogalacto-

pyranoside (0.5 mM). The plasmid pCEFN1 overexpressing

Pet was previously constructed using the high-copy number

plasmid pSPORT1 such that the native pet promoter was

included upstream of the pet ORF (Eslava et al., 1998).

Plasmids were maintained and manipulated in Escherichia

coli HB101. pCR4-TOPO (Invitrogen) and pGEMTeasy

(Promega) were used as a standard cloning vector for

PCR products.

Protein purification and analysis

To prepare culture supernatant fractions, strains were grown

overnight at 37 1C in 100 mL of LB broth. After centrifuga-

tion at 12 000 g for 10 min, supernatant fractions were filter

sterilized, concentrated and size fractionated (50 kDa) using

Ultrafilters (Biomax-50 Ultrafree; Millipore).

One-dimensional sodium dodecyl sulphate-polyacryla-

mide gel electrophoresis (SDS-PAGE) was performed using

12.5% (w/v) acrylamide-resolving gels and 4.5% (w/v) acry-

lamide-stacking gels (Laemmli, 1970). Samples were heated

for 5 min at 100 1C in Laemmli sample buffer before loading

(Laemmli, 1970). Proteins were detected by staining with

Coomassie brilliant blue R250 or silver staining using the

SilverQuest Silver Staining Kit (Invitrogen) as described by

the supplier. Western immunoblotting was performed essen-

tially as described by Caffrey & Owen (1989). Dried skimmed

milk [5% (w/v)] was used as a blocking reagent. Alkaline

phosphatase-conjugated goat antirabbit immunoglobulin

G was used as the localizing reagent, and reacting bands were

visualized by reaction with 5-bromo-4-chloro-3-indolylpho-

sphate and nitroblue tetrazolium as described previously.

Matrix-assisted laser desorption ionization time-of-flight

(MALDI-TOF) mass spectrometry was performed at the

Functional Genomics and Proteomics Laboratory of the

University of Birmingham after excision of bands of interest

from SDS-PAGE gels and digestion with trypsin. N-terminal

amino acid sequencing of proteins using the method of

Edman was performed by Alta Biosciences.

DNA manipulations and sequencing

Standard molecular biology procedures and DNA manip-

ulations were used (Sambrook & Russell, 2001). Plasmids

were purified using the QIAprep Spin Miniprep Kit (Qia-

gen) as described by the manufacturer. DNA purification

from PCR/enzymatic reactions and agarose gels were per-

formed using the MinElute PCR Purification Kit and the

MinElute Gel Extraction Kit (Qiagen), respectively, and in

accordance with the manufacturer’s instructions. Restriction

enzymes and T4-DNA ligase (Invitrogen) were used as

described by the manufacturer. Unless indicated, PCR

experiments were all performed using Platinum Pfx DNA

Polymerase (Invitrogen) in accordance with the manufac-

turer’s instructions. DNA sequencing was performed at the

Functional Genomics and Proteomics Laboratory of the

University of Birmingham. The PCR primers used are listed

in the Supplementary Material (Table S1).

Site-directed mutations were constructed with the Quik-

Change II Site-Directed Mutagenesis Kit (Stratagene) in

accordance with the manufacturer’s instructions. The highly

conserved residues within the extended signal peptide

region were mutated to nonconservative residues using

site-directed mutagenesis with pCEFN1 as the template.

Using primers IRHM1F and IRHM1R, a plasmid

(pCEFN1-M1 ! �) was constructed in which the putative

initiation codon was converted to a stop codon (TAG). In

addition, using primers IRHL-4F and IRHL-4R, the first

residue of the ORF (L�4) was also converted to a stop codon

(TAG) to create pCEFN1-L�4 ! �. The putative � 10
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promoter region was disrupted by site-directed mutagenesis

using pCEFN1 as a template and the primers SDMProm2Fw

and SDMProm2Rv to create plasmid pMD-10D2. Plasmids

were transformed into High-Efficiency HB101 Competent

Cells (Promega), and the presence of Pet in supernatant

fractions was monitored by SDS-PAGE.

Transcriptional mapping

Mapping of the pet promoter region was performed by

inverse PCR using pCEFN1 as a template, the reverse primer

LCPromR1 and the forward primers LCPromF1-LCPromF7

such that c. 100 bp was successively deleted each time from

the non-coding DNA located upstream of the putative

translation initiation methionine. Linear fragments result-

ing from PCR were digested with NsiI and then religated to

create plasmids pLCD1-pLCD7. Plasmids were transformed

into High-Efficiency HB101 Competent Cells (Promega),

and the presence of Pet in supernatant fractions was

monitored by SDS-PAGE.

Rapid amplification of cDNA ends (RACE) was per-

formed with the 50RACE kit (Invitrogen) and was used to

determine the transcriptional start site of the pet gene.

Briefly, first-strand cDNA synthesis of pet mRNA (isolated

from E. coli HB101 pCEFN1) was achieved with SuperScript

II Reverse Transcriptase and a gene-specific primer

(RACEGsp1) located within the pet gene. Subsequently,

Terminal deoxynucleotidyl transferase was used to add

homopolymeric poly-C tails to the 30-ends of the cDNA.

The resulting poly-C tailed cDNA was amplified with a

primer containing a complementary poly-G tract (RACE-

polyC) and a second gene-specific primer (RACEGsp2).

Subsequently, the products of the PCR reaction were diluted

100-fold and amplified with a third gene-specific primer

(RACEGsp3) and a primer (RACELink) corresponding to

the 50 end of RACEpolyC but lacking the poly-G tail. Finally,

the products from the second PCR reaction were cloned into

pGEMT-Easy (Promega) before sequencing of the inserts.

In vitro transcription/translation

A fragment of pet was first amplified from pCEFN1 with

primer F1IVTProm harbouring a T7 promoter and primer

R1IVTHisTag encoding a C-terminal 6xHis-tag. The ampli-

fied fragment lacks the codon encoding the third amino acid

of the putative serine protease catalytic triad (H124D153S260)

in order to prevent possible protein degradation following

in vitro transcription/translation. Using this first amplicon

as a template, a second PCR was performed using primers

F1IVTPromo and R2IVTTermi in order to add a T7

terminator downstream of the coding region. The resulting

837-bp DNA fragment was cloned into pCR4-TOPO in

accordance with the manufacturer’s instructions creating

plasmid pCR4IVTPet. In vitro transcription/translation

experiments were performed using the RTS 100 E. coli

HY Kit (Roche) in accordance with the manufacturer’s

instructions but with reactions scaled up to 500 mL. Follow-

ing in vitro transcription/translation, the His-tagged frag-

ment of Pet was purified using the Ni-NTA Spin Kit

(Qiagen) in accordance with the manufacturer’s instruc-

tions. Protein fractions were analysed by SDS-PAGE, silver

staining and MALDI-TOF mass spectrometry.

Results

The extended signal peptide region is present
only among members of the Type V secretion
system and only within Gram-negative bacteria
of the classes Beta - and Gammaproteobacteria

The unusually long signal sequence containing the extended

signal peptide region was first described for the two-partner

secretion protein filamentous haemagglutinin and was sub-

sequently identified among proteins secreted by the classical

and trimeric autotransporters, including Pet (Fig. 1) (Jacob-

Dubuisson et al., 1996; Eslava et al., 1998; Henderson et al.,

1998; Lambert-Buisine et al., 1998). To investigate whether

these unusually long signal sequences were restricted to the

Type V secretion system, BLAST and PSI-BLAST searches

were performed from ViruloGenome with the Pet signal

sequence as a query. Each hit was screened by Kyte and

Doolittle hydropathy profiling and demonstrated to possess

the alternating charged and hydrophobic domains charac-

teristic of these unusual signal sequences (Fig. 1). Redun-

dant proteins and/or exhibiting exactly the same extended

signal peptide region, corresponding to N1-, H1- and the

first residue of N2-domain, were removed from the output,

leading to a final list of 122 proteins (see Table S2,

Supplementary Material). Previous analyses of such unu-

sually long signal sequence had revealed that extended signal

peptide regions were highly conserved (Henderson et al.,

1998; Henderson & Desvaux, 2004). Indeed, the extended

signal peptide region of Pet and several other proteins were

originally characterized by the conserved residues M1NKI-

VYXLKY (where X represents any amino acid) and an eight

amino acid motif (IAVSELAR) immediately preceding the

positively charged N2-domain (Henderson et al., 1998).

However, these features are not systematically found among

all 122 proteins identified in our searches. Amino acid

sequence alignment of the 122 extended signal peptide

regions revealed that the number of very highly conserved

residues (percentage of similarity Z98%) in the extended

signal peptide region is quite low and includes M1, N2, Y5,

Y9 and E21 (Fig. 1c). Furthermore, no correlation between

the presence of the extended signal peptide region and a

particular protein domain or size could be found (see

Supplementary Material).
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Further in silico investigations of the 122 proteins identi-

fied in our searches revealed that the extended signal peptide

regions were found only among proteins secreted via the

Type V secretion systems. Subsequent phylogenetic analyses

of the extended signal peptide regions revealed that they

could be grouped into 10 distinct evolutionary clusters (see

Fig. S1, supplementary material), suggesting that a common

progenitor may have existed for proteins possessing the

unusually long signal peptide. Pet is found in cluster 1,

which contains members of the serine protease autotran-

sporters of the Enterobacteriaceae subfamily. While each

cluster contains all or mostly members of only one sub-

family, there are some proteins that do not group with their

respective subfamily e.g. HmwA, a two-partner secretion

protein, clustered in the same group as the serine protease

autotransporters of the Enterobacteriaceae. Such mixed

clustering is indicative of domain shuffling, a phenomenon

previously noted for members of this secretion system

(Davis et al., 2001; Yen et al., 2002). Additionally, proteins

containing the extended signal peptide region were found

only within the classes Beta- and Gammaproteobacteria.

Despite having been described as possessing a stretch of

residues that are atypical for Sec-secreted proteins, the auto-

transporter IcsA was not part of the output (Brandon et al.,

2003). Moreover, using the putative IcsA extended signal

peptide region as a query, after at least 10 iterations, PSI-

BLAST searches could not find any homologous protein

secreted via the Type V secretion system other than IcsA itself.

The extended signal peptide region is
transcribed

The initial description of Pet indicated that the pet ORF

possessed a potential promoter consisting of a � 10 site

(TTTAAT) and a � 35 site (GTAACA) positioned 48 and

70 bp upstream of the ATG translation initiation codon,

respectively (Eslava et al., 1998). In addition, a putative

ribosome-binding site (GAGAG) was also found upstream

of the ATG start codon (Fig. 1a). However, mutagenesis of

the putative � 10 sequence from TTTAAT to TTTGGT

(pMD-10D2) did not affect the production of Pet as assessed

by SDS-PAGE of culture supernatants (Fig. 4), leading us to

reassess the complete extended signal peptide region and

promoter regions. Re-examination of the extended signal

peptide region revealed an alternative and putative

ribosome-binding site (GGCGG) within the region

encoding the extended signal peptide region, and that this

was present upstream of an ATT (isoleucine) codon that

could potentially, but albeit rarely, act as a start codon

(Fig. 1a). In addition, we noted that several of the 122

proteins identified by bioinformatics analyses did not

possess an ATG initiation codon but appeared to possess

an alternative GTG (valine) initiation codon, including the

Pet homologue Pic (Henderson et al., 1999). Furthermore,

the pet ORF itself began with a putative TTG (leucine)

codon, which itself may act as an alternative initiation codon

(Fig. 1). In light of these findings, and the fact that

the extended signal peptide region was so conserved, yet

unlike other signal peptides identified to date, it became

important to ensure that the extended signal peptide region

was in actuality transcribed and translated, and thus was

not present as a region involved in controlling transcription

or translation.

The plasmid encoding Pet (pCEFN1) was originally

constructed with 618 bp of upstream DNA so that the

regulation of Pet expression would be under the control of

the native promoter (Eslava et al., 1998). To map the

minimal region required for Pet expression, we created by

inverse PCR a series of deletion mutants in the DNA region

upstream of the putative initiation codon, successively

removing c. 100 bp each time (pLCPromD1-pLCPromD7).

The pLCPromD1 construct contained a deletion in the

plasmid backbone to ensure that transcription was not

driven from a plasmid-based promoter. Subsequently, each

mutant was screened by SDS-PAGE analyses for the ability

to produce mature Pet toxin in the supernatant fraction

(Fig. 3). A deletion construct (pLCPromD7) containing only

9-bp upstream of the putative ATG initiation codon pro-

duced undetectable levels of Pet. In contrast, a construct

(pLCPromD6) possessing 139-bp upstream did produce Pet,

albeit at a diminished level, whereas the construct

(pLCPromD5) containing 242-bp upstream produced Pet

at wild-type levels (Fig. 3). These results indicate that the

native promoter is contained within 242-bp upstream of the

putative ATG initiation codon.

Having mapped a minimal promoter region, we deter-

mined the transcriptional start site of pet using the 50 RACE

method and a reverse primer located within the DNA

encoding the unusual signal peptide sequence. Sequencing

Fig. 2. In vitro transcription/translation of the Pet signal peptide. A

portion of the pet gene was cloned into pCR4TOPO to create a plasmid

(pCRIVTPet) encoding an N-terminal fragment of Pet with a C-terminal

His-tag fusion for in vitro transcription/translation experiments. The

resulting fusion was expressed under the control of a T7 promoter.

Products were harvested on an Ni-NTA column and subjected to

SDS-PAGE and silver staining. Lanes 1–3: first, second and third washing

before elution; lane 4: His-tag elution. Molecular weights are given in

kilodaltons at the side of the gel. The arrow indicates protein correspond-

ing to the His-tagged fragment of Pet as further revealed by MALDI-TOF

mass spectrometry.
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of the transcripts amplified by 50 RACE revealed a transcrip-

tional start site (cytosine) located 27-bp upstream of the

putative initiation codon (Fig. 1a). These data indicate that

the extended signal peptide region is transcribed.

The extended signal peptide region is translated

Because N-terminal signal peptides are cleaved and most

likely digested after translocation through the inner mem-

brane (von Heijne, 1998), their translation cannot be easily

verified in vivo. In order to determine whether the signal

peptide of Pet was translated, an N-terminal fragment of Pet,

corresponding to the complete extended signal sequence

and a further 176 residues of the mature Pet toxin, was fused

to a 6xHis-tag (pCR4IVTPet) and expressed by in vitro

transcription/translation (Fig. 2). SDS-PAGE analyses of the

purified His-tagged fractions revealed a product of c.

25 kDa, which is close to the expected size (25.45 kDa) of

the product from the pCR4IVTPet construct if the extended

signal peptide is translated in full. Furthermore, analysis of

the trypsin digested product by MALDI-TOF mass spectro-

metry revealed a product that was consistent with Pet.

In conjunction with the in vitro transcription/translation

data, site-directed mutagenesis was performed in which the

putative initiation codon was altered from a methionine to

a stop codon (pCEFN1-M1 ! �). SDS-PAGE analyses of

the supernatant fractions derived from these site-directed

mutants revealed that the presence of Pet was undetectable

(Fig. 4). In contrast, introduction of a stop codon 12-bp

upstream of the putative initiation codon and within the

first codon of the ORF (pCEFN1-L�4 ! �) had no effect of

Pet secretion (Fig. 4). These data indicate that the putative

signal peptide of Pet, including the extended signal peptide

region, is translated and the first methionine within the ORF

(M1) is the translational initiation codon.

Discussion

The unusual extended signal sequence was first noted in

filamentous haemagglutinin, and subsequently among other

proteins secreted via the Type V secretion systems. The

initial hypotheses suggested that the presence of the ex-

tended signal peptide region within the unusual signal

sequences conferred additional functional properties upon

the signal sequence such as (1) it was required for a specific

mode of targeting to the inner membrane such as signal

recognition particle, (2) that it was required for transloca-

tion across the inner membrane via an alternative inner

membrane translocon such as the twin arginine translocon,

(3) that it was required for the proper folding of the

exoproteins and (4) that it specifically enhanced efficient

membrane translocation of large exoproteins (Henderson

et al., 1998, 2004). With respect to the latter hypothesis, the

exoproteins of the Type V secretion systems are among the

Fig. 3. Mapping of the minimal promoter construct. A schematic of the region upstream of the predicted pet ORF in pCEFN1 is depicted. Several

deletions were constructed in pCEFN1 sequentially removing regions corresponding to c. 100 bp; pLCPromD1-pLCPromD7 correspond to deletions

between 825–694 bp, 825–564 bp, 825–435 bp, 825–344 bp, 825–242 bp, 825–139 bp and 825–9 bp upstream of the pet M1 initiation codon,

respectively. The pet ORF is indicated by a black arrow. The position of the predicted promoter region is delineated by a black rectangle. The position of

the empirically determined transcriptional start site is indicated by a small black arrow. The position of the MluI site used to clone originally the pet gene

and flanking DNA sequence is indicated. SDS-PAGE analysis of E. coli HB101 transformed with each construct indicates the ability of each mutant to

express Pet in the culture supernatant. Expression of Pet is diminished in E. coli pLCPromD6 and is undetectable in E. coli pLCPromD7. The sizes of the

molecular weight markers (MW) are indicated.
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largest proteins secreted by Gram-negative bacteria, i.e. up

to c. 500 kDa, and it appeared at first glance that the

presence of the extended signal peptide region was asso-

ciated with secretion of proteins larger than 100 kDa (Hen-

derson et al., 1998, 2004). However, it is clear from the

present study that autotransporter passenger domains pos-

sessing the extended signal peptide region range from 51 to

396 kDa, for the two-partner system from 78 to 501 kDa and

for trimeric autotransporters from 49 to 580 kDa (see Supple-

mentary Material). In contrast, other proteins secreted via

the Type V secretion systems can be as large but do not

possess the EPSR. Thus, there does not seem to be a direct

relationship between either the presence of the extended

signal peptide region and a particular domain or the size of

the secreted protein.

During our bioinformatics analyses of signal peptides

containing the extended signal peptide region, we noted a

great deal of conservation at the nucleotide level in the

regions encoding the conserved extended signal peptide

region. This is perhaps not surprising, given the level of

amino acid conservation. Initial investigations of the fila-

mentous haemagglutinin-extended signal peptide region

suggested that deletion of the conserved region (N1 and

H1) had no effect on filamentous haemagglutinin secretion

from Bordetella pertussis, although a slightly larger deletion

extending in the N2 region abolished filamentous haemag-

glutinin secretion completely (Lambert-Buisine et al., 1998).

However, our inability to abolish Pet secretion with a

mutation in the putative � 10 region, and the presence of

an alternative translational initiation codon and putative

ribosome-binding site within the signal sequence, made it

necessary to determine that the extended signal peptide

region was in fact transcribed and translated and was not

functioning as a region involved in transcriptional or

translational regulation. Here, we have clearly shown that

the extended signal peptide region is in fact transcribed and

translated in full and that the first methionine (M1) within

the ORF acts as the translational initiation codon. This is in

agreement with other investigations performed previously

in which the putative initiation codon of filamentous

haemagglutinin was abolished by site-directed mutagenesis

and the subsequent loss of filamentous haemagglutinin

secretion was noted (Lambert-Buisine et al., 1998).

A question that remains is which inner membrane system

is utilized by proteins harbouring an extended signal

sequence. In at least one case, the autotransporter IcsA was

shown to be targeted to the Sec translocon in a signal

recognition particle-independent manner (Brandon et al.,

2003). However, in the current study, the long signal peptide

of IcsA was shown not to be related to the conserved

extended signal peptide region associated with Pet, Tsh,

EspP and filamentous haemagglutinin and thus the study

of IcsA could not equivocally rule out signal recognition

particle dependence for proteins possessing the extended

signal peptide region. However, of note, 90% of the H2

domains analysed here possess a glycine or proline residue

that are considered as helix-breaking residues. Such helix-

breaking residues are thought to prevent recognition by the

signal recognition particle (Adams et al., 2002).

The data presented here also raise a number of questions:

why is the extended signal peptide region not systematically

present in all proteins secreted via the Type V secretion

systems and found only in proteins originating from Beta-

and Gammaproteobacteria? What is the real benefit of its

presence? How does the presence of the extended signal

peptide region affect inner membrane translocation and

Fig. 4. Site-directed mutagenesis of pet. (a) The nucleotide sequence and the corresponding amino acid sequence of the DNA region encoding the Pet

signal peptide and promoter region are shown. The positions of the site-directed mutations are indicated by bold lettering. The relevant amino acid or

nucleotide change resulting from the mutagenesis is indicated by arrows. (b) SDS-PAGE analysis of culture supernatant fractions harvested after the

growth of Escherichia coli HB101 containing site-directed mutant derivatives of pCEFN1 shown in (a). Lane 1, the wild-type positive control E. coli

HB101 pCEFN1; lane 2, the negative control E. coli HB101 pSPORT1; lane 3, E. coli HB101 pMD-10D2 (site-directed mutation altering the putative � 10

promoter site); lane 4, E. coli HB101 pCEFN1-L-
�4 ! � (site-directed mutation where L�4 is changed to a stop codon); lane 5, E. coli HB101 pCEFN1-

M1 ! � (site-directed mutation where M1 is changed to a stop codon). The sizes of the molecular weight markers (MW) are indicated in kilodaltons.
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ultimately secretion and activity of the secreted domains?

Our preferred hypothesis is that the signal sequence inter-

acts with a specific chaperone or targeting factor that delays

inner membrane translocation and prevents accumulation

of misfolded proteins with the periplasm. Of note, recent

work from our laboratory and from Bernstein’s lab has

demonstrated a delay in inner membrane translocation

(Peterson et al., 2006).
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