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Abstract

Protein secretion from Bacillus species is a major industrial production tool with a market of over $1 billion per
year. However, standard export technologies, based on the well-characterised general secretory (Sec) pathway, are
frequently inapplicable for the production of proteins. The recently discovered twin-arginine translocation (Tat)
pathway offers additional potential to transport proteins. Here we review the use of functional genomic and
proteomic approaches to explore the Tat pathway of Bacillus subtilis. The properties of Tat pathway components and
the twin-arginine signal peptides that direct proteins into this pathway are discussed. Where appropriate, a
comparison is made with Tat systems from other organisms, such as Escherichia coli. Recent findings with the latter
organism in particular provide proof-of-principle that the Tat pathway can be exploited for the production of
Sec-incompatible proteins. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Eubacteria export numerous proteins across the
plasma membrane into either the periplasmic

space (Gram-negative species), or the growth
medium (Gram-positive species). The Gram-posi-
tive eubacterium Bacillus subtilis and, in particu-
lar, its close relatives Bacillus amyloliquefaciens
and Bacillus licheniformis are well known for their
high capacity to secrete proteins (at gram per liter
concentrations) into the medium. This property,
which allows the efficient separation of (secreted)
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proteins from the bulk cytoplasmic protein com-
plement, has led to the commercial exploitation of
the latter bacilli as important ‘cell factories’
(Braun et al., 1999; Bron et al., 1999; Ferrari et
al., 1993; Nagarajan, 1993; Quax, 1997; Simonen
and Palva, 1993; van Dijl et al., 2001; van Leen et
al., 1991). Despite their high capacity to secrete
proteins of Gram-positive origin, the secretion of
recombinant proteins from Gram-negative eubac-
terial or eukaryotic origin by Bacillus species is
often inefficient. This can be due to a variety of
(potential) bottlenecks in the secretion pathway,
such as poor targeting to the membrane, pre-
translocational folding, inefficient translocation,
slow or incorrect post-translocational folding of
the secretory (Sec) protein, and proteolysis (Bol-
huis et al., 1999a). Notably, many of these prob-
lems relate to the specific properties of the general
Sec pathway that was, so far, used in all docu-
mented attempts to apply bacilli for the secretion
of heterologous proteins of commercial or
biomedical value. In this review, recent progress
in the analysis of an alternative, Sec-independent,
pathway for protein secretion by B. subtilis is
described. This pathway is now known as the
twin-arginine translocation (Tat) pathway, be-
cause of the presence of a so-called twin-arginine
(RR-)motif in the signal peptides that direct
proteins into this pathway.

2. Problems encountered with the Sec pathway

General strategies for the secretion of het-
erologous proteins by bacilli are based on the
in-frame fusion of the respective protein with an
amino-terminal signal peptide that directs this
protein into the Sec-dependent secretion pathway.
Upon translocation across the membrane, the sig-
nal peptide is removed by a signal peptidase,
which is a prerequisite for the release of the
translocated protein from the membrane, and its
secretion into the medium (Tjalsma et al., 1998,
2000; van Dijl et al., 2001). As exemplified with
human Interleukin-3, which is secreted by B.
licheniformis at gram per liter concentrations, this
strategy allows protein production at commer-
cially significant levels (Quax, 1997; van Leen et
al., 1991).

Two major hurdles have been identified for the
secretion of heterologous proteins via the Sec-de-
pendent route. The first one is the translocation
process by the Sec machinery, which is composed
of a proteinaceous channel in the membrane (con-
sisting of SecY, SecE, SecG and SecDF-YrbF)
and a translocation motor (SecA). The Sec ma-
chinery is known to ‘thread’ its substrates in an
unfolded state through the membrane (Fig. 1;
Duong et al., 1997; Driessen et al., 2001; Müller et
al., 2000). Consequently, this machinery is inher-
ently incapable of translocating proteins that fold
in the cytosol. A second bottleneck has been
identified for other heterologous proteins that are
translocated correctly, but fold slowly or incor-

Fig. 1. Principles of Sec-dependent protein export. Sec precur-
sor proteins are targeted in an unfolded conformation to the
Sec translocase in the membrane. The main components of the
B. subtilis translocase are SecA, SecY (Y), SecE (E), SecG (G).
SecA acts as a force-generator (motor) for protein transloca-
tion through cycles of pre-protein binding, membrane inser-
tion, pre-protein release and deinsertion from the membrane.
Core components of the protein-conducting channel in the
membrane are SecY, SecE and SecG. The cycling of SecA is
regulated by ATP-binding and hydrolysis. During or shortly
after translocation, precursors are processed by signal pepti-
dase (not shown). Upon translocation mature proteins fold
into their protease-resistant conformation, which depends on
the activity of appropriate folding catalysts. Upon passage
through the cell wall mature proteins are secreted into the
growth medium. See text for further details. N, amino-termi-
nus; C, carboxyl-terminus; IN, cytoplasmic side of the mem-
brane; OUT, membrane–cell wall interface.
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rectly in the cell wall environment, probably be-
cause this compartment lacks the appropriate
chaperone molecules to assist their folding.
Molecular chaperones of the Hsp60 and Hsp70
classes are essential for the folding of many
proteins, but these are all absent from bacterial
extracytoplasmic compartments. As the mem-
brane–cell wall environment of bacilli is highly
proteolytic, slowly or incorrectly folding translo-
cated proteins are often degraded before being
secreted into the medium (Bolhuis et al., 1999a,b;
Hyyryläinen et al., 2001; Meens et al., 1997;
Stephenson and Harwood, 1998; Stephenson et
al., 1998). Consequently, protein secretion via the
Sec pathway is a highly efficient tool for the
production of only a subset of heterologous
proteins. This has been a major incentive for
research on alternative Sec-independent secretion
routes in bacilli (Tjalsma et al., 2000).

3. The Tat pathway

Very recently, functional genomic approaches
have led to the identification of a Tat pathway in
B. subtilis (Jongbloed et al., 2000). A pathway of
this type was first discovered in chloroplasts in
which it is required for the �pH-dependent
protein import into the thylakoid lumen
(Robinson et al., 2001; Settles and Martienssen,
1998). Notably, Tat pathways appear to be
present in many eubacteria, some archaea, and a
few plant mitochondria (Berks, 1996; Berks et al.,
2000; Dalbey and Robinson, 1999; Robinson and
Bolhuis, 2001; Wu et al., 2000). Apart from the
fact that they make use of completely different
cellular components, Tat pathways are distin-
guishable from Sec pathways by two critical fea-
tures. Firstly, they specifically recognize signal
peptides with an RR-motif: R-R-X-c -c (c is
a hydrophobic residue). This RR-motif is essential
to direct proteins into the Tat pathway (Berks,
1996; Brink et al., 1998; Cristóbal et al., 1999;
Stanley et al. 2000). Secondly, Tat pathways are
capable of transporting tightly folded proteins
and even multimeric enzyme complexes. Thus, a
main function of Tat pathways seems to be the
translocation of proteins that fold too rapidly, or

Fig. 2. The tat regions of B. subtilis and E. coli. (A) Chromo-
somal organization of the E. coli tatABCD and tatE regions
(adapted from the Colibri database; http://bioweb.pasteur.fr/
Genolist/Colibri.html). The lipA gene encodes a protein in-
volved in lipoate biosynthesis, lacking an RR-signal peptide.
(B) Chromosomal organization of the B. subtilis tatAd– tatCd,
tatAy– tatCy and tatAc regions (adapted from the SubtiList
database; http://bioweb.pasteur.fr/Genolist/SubtiList.html).
Note that the tatAd and tatCd genes are located downstream
of the phoD gene encoding the phosphodiesterase D, which
has an RR-signal peptide. In contrast, the cotC gene, which is
located downstream of tatAc, encodes a spore coat protein
that lacks an RR-signal peptide.

too tightly, to allow their translocation via the Sec
pathway (Clark and Theg, 1997; Creighton et al.,
1995; Hynds et al., 1998; Santini et al., 1998). In
E. coli this applies to the precursors of certain
periplasmic proteins that bind cofactors (e.g.
flavins, molybdopterins and iron–sulfur clusters)
prior to translocation. Consequently, a functional
Tat pathway is required for anaerobic growth of
the latter organism (Berks et al., 2000).

4. Tat pathway components

In E. coli, four genes encode integral membrane
proteins that function in the Tat protein translo-
case; three of these (tatABC) are part of an
operon, whereas the tatE gene is monocistronic
(Fig. 2). Disruption of tatA (mttA1) plus tatE,
tatB (mttA2), or tatC results in a total block in
the export of proteins with RR-signal peptides
(Bogsch et al., 1998; Chanal et al., 1998; Sargent

http://bioweb.pasteur.fr/Genolist/SubtiList.html
http://bioweb.pasteur.fr/Genolist/SubtiList.html
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et al., 1998, 1999; Weiner et al., 1998). A fourth
gene in the tatABC operon, denoted tatD, was
recently shown to be dispensable for Tat-depen-
dent protein translocation (Wexler et al., 2000).
Genes specifying orthologues of the E. coli Tat
proteins are present in most bacteria, including B.
subtilis (Jongbloed et al., 2000; Fig. 2).

Based on structural criteria, the Tat machinery
components can be grouped in two classes that
are represented in E. coli by TatC and TatA/B/E,
respectively (Berks et al., 2000; Robinson and
Bolhuis, 2001; Wu et al., 2000). Interestingly,
TatA and TatB were recently shown to interact,
being present in a 600 kDa complex that may
represent part of the Tat machinery (Bolhuis et
al., 2000). As shown by negative stain electron
microscopy, TatA–TatB complexes form cylindri-
cal structures that might correspond to transport
channels (Sargent et al., 2001), or a targeting
complex (Wu et al., 2000). Nevertheless, as the
critical TatC component is absent from the latter
complex, the precise shape of the active Tat
translocase in the membrane may eventually turn
out to be different. In this respect it is important
to note that TatA–TatB–TatC complexes have
been purified recently, which contain TatB and
TatC in a strict 1:1 ratio (Bolhuis et al., 2001).
Moreover, a translational fusion of TatB and
TatC supports efficient Tat-dependent export,
suggesting that these components form both a
functional and structural unit in the Tat translo-
case. A detailed analysis of the TatA/B/C-con-
taining complexes should reveal important new
insights in the structure of the Tat complex. In
absence of conclusive biochemical or structural
data, it is presently not clear which membrane-
bound Tat components function as RR-signal
peptide receptors and which components form the
translocation channel (Berks et al., 2000; Wu et
al., 2000). Interestingly, a potential cytoplasmic
RR-signal peptide-binding protein termed DmsD
(YnfI) was recently identified in E. coli (Oresnik et
al., 2001). This protein was shown to bind the
RR-signal peptide of the dimethyl sulphoxide
(DMSO) reductase subunit DmsA, and to be
required for anaerobic growth on glycerol–
DMSO. However, it seems that this protein car-
ries out a specific function in a few Gram-negative

eubacteria only, as it is not conserved in the
majority of organisms (e.g. B. subtilis) of which
the genome has been sequenced completely (our
unpublished observations).

5. Tat pathway components of B. subtilis

B. subtilis was recently shown to contain a Tat
pathway, which is required for the secretion of at
least one protein, the phosphodiesterase, PhoD
(see below), but not for anaerobic growth (Jong-
bloed et al., 2000). In contrast to most other
eubacteria, which contain only one tatC gene, B.
subtilis contains two tatC genes, denoted tatCd
(ycbT) and tatCy (ydiJ). As shown in Fig. 2, each
of these genes is preceded by a tatA gene, denoted
tatAd (yczB) and tatAy (ydiI), respectively. A
third tatA gene of B. subtilis, denoted tatAc
(ynzA), is not genetically linked to the tatC genes.
Like their orthologues in E. coli, the TatA
proteins of B. subtilis appear to have one
transmembrane segment, and the TatC proteins
six. Notably, the TatA proteins of B. subtilis show
similarities both to TatA and TatB of E. coli (Fig.
3). In view of the fact that it is presently not
known whether the B. subtilis TatA proteins are
the functional equivalents of E. coli TatA, TatB,
or both TatA and TatB, the three B. subtilis
proteins were collectively termed TatA.

6. Twin-arginine (RR-)signal peptides of B.
subtilis

All known Bacillus proteins that are trans-
ported across the cytoplasmic membrane via the
Sec or Tat pathways are synthesized as pre-
proteins with characteristic amino-terminal signal
peptides, directing them into the respective trans-
port system. Although the different amino-termi-
nal signal peptides show little amino acid
sequence similarity, three distinct domains can be
distinguished in these export signals (Berks, 1996;
Pugsley, 1993; von Heijne and Abrahmsén, 1989).
The amino-terminal N-domain contains at least
one positively charged residue (Chen and Nagara-
jan, 1994; Gennity et al., 1990), which appears to
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interact with the translocation machinery (Akita
et al., 1990) and negatively charged phospho-
lipids (de Vrije et al., 1990). The H-domain is
formed by hydrophobic residues that, most
likely, adopt an �-helical conformation in the
membrane (Briggs et al., 1986). Helix breaking
Gly or Pro residues are often found in the mid-
dle of the H-domain, which may facilitate signal
peptide insertion into the membrane (de Vrije et
al., 1990). Helix breaking residues at the end of
the H-domain facilitate cleavage (processing) by
a specific signal peptidase (Dalbey et al., 1997;
Tjalsma et al., 1998, 2000). The C-domain is
defined by the SPase recognition sequence and
cleavage site.

Based on extensive database searches 20 poten-
tial RR-signal peptides of B. subtilis were iden-
tified that contain an RR-motif, resembling the
consensus sequence R-R-X-c -c , and a pre-
dicted signal peptidase recognition site. Further-
more, eight proteins of B. subtilis contain signal
peptide-like sequences with an RR-motif, but lack
signal peptidase recognition sites (Jongbloed et

al., 2000). The latter proteins have the potential
to remain amino-terminally attached to the mem-
brane (Table 1, indicated with ‘TM’). Compared to
Sec-type signal peptides, the N-domains of pre-
dicted RR-signal peptides of B. subtilis are about
twice as long, having an average length of 13–14
residues (Fig. 4; only the cleavable non-lipo-
protein signal peptides are shown). Furthermore,
the H-domains of RR-signal peptides of B. sub-
tilis seem to lack helix breaking Gly and Pro
residues, in contrast to the H-domains of Sec-type
signal peptides. Otherwise, no significant differ-
ences with respect to length and hydrophobicity
were observed between the H-domains of pre-
dicted Sec-type and RR-signal peptides of B. sub-
tilis (Jongbloed et al., 2000; Tjalsma et al., 2000).
In marked contrast, the H-domains of RR-signal
peptides in E. coli seem to be less hydrophobic
than those of Sec-type signal peptides (Cristóbal
et al., 1999). These observations suggest that dif-
ferences in the hydrophobicity of the H-domains
of Sec-type and RR-signal peptides of B. sub-
tilis are either not important for transloca-

Fig. 3. TatA/B/E-like components of B. subtilis and E. coli. The amino acid sequences of Tat components of B. subtilis and E. coli
as deduced from the SubtiList and Colibri databases were used for comparisons. Identical amino acids [*], or conservative
replacements [.] are marked. The position of a putative transmembrane segment (H-domain) in the TatA/B/E-like proteins is
indicated above the alignment. The comparison includes TatAc (YnzA), TatAd (YczB) and TatAy (YdiI) of B. subtilis (Bsu), and
TatA, TatB and TatE of E. coli (Eco).
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Table 1
Predicted twin-arginine (RR-)signal peptides of B. subtilis

RR-Motif H h CProtein N

RRILL 27AlbB 2.010 +
AmyXTM 9 RRSFE 15 1.1 −

8AppBTM RRTLM 19 2.3 −
RRIIA 197 1.2LipA +

8OppBTM RRLVY 24 2.0 −
20PbpX RRRKL 14 2.9 +

RRKFI 1731 0.9PhoD +
14QcrATM RRQFL 19 1.3 −

RRIGL 136 2.6SpoIIIJTM,lipo +
16TlpATM RRLII 21 2.4 −
11WapAW RRNFK 18 2.3 +

RRKFS 208 1.9WprA +
RRAFL 21YceATM 2.211 −
RRKIC 136 2.1YdeJlipo +

2YdhFlipo RRILS 12 3.1 +
23YdhKlipo RRMNM 13 2.5 +

RRMKI 2017 2.4YesM +
13YesW RRKRM 19 2.0 +

RRTHV 1715 1.7YfkNTM +
25YhcRTM RRILH 19 2.0 +
8YkpC RRVAI 17 2.3 +

RRQFL 1711 1.0YkuE +
RRFLL 15YmaC 2.47 +
RRIRI 1112 3.1YmzClipo +

9YubFTM RRNTV 23 2.0 −
8YuiC RRLLM 20 1.9 +

RRKIL 1823 2.5YvhJTM −
RRDIL 23YwbN 1.418 +

Amino-terminal RR-signal peptides were predicted as de-
scribed by Tjalsma et al. (2000). The listed signal peptides
contain, in addition to the twin-arginines, at least one other
residue of the consensus sequence (R-R-X-c -c ; printed in
bold). The number of residues in the N- and H-domains of
each signal peptide, and the average hydrophobicity (h) of the
H-domain, as determined by the algorithms of Kyte and
Doolittle (1982), are indicated. Furthermore, the RR-motifs in
the N-domain are shown, and the presence (+) or absence
(−) of a signal peptidase cleavage site in the C-domain is
indicated. Typical lipoproteins are indicated with ‘lipo’. Proteins
lacking a (putative) signal peptidase cleavage site, some of
which contain additional transmembrane domains, are indi-
cated with ‘TM’. One protein containing cell wall binding
repeats is indicated with ‘W’.

predicted RR-signal peptides, such as YdhF,
YfkN, WapA and WprA, which are secreted in a
TatC-independent manner (Fig. 5; Jongbloed et
al., 2000; H. Antelmann, unpublished observa-
tions). In fact, the WapA and WprA proteins
were previously shown to be secreted in an SRP-
and SecA-dependent manner (Hirose et al., 1999).
Notably, the signal peptides of these TatC-inde-
pendent proteins have RR-motifs that do not
completely conform to the consensus sequence as
they lack a hydrophobic residue either at the +2
or +3 position relative to the ‘twin-arginines’. If

Fig. 4. Properties of predicted cleavable amino-terminal signal
peptides of B. subtilis. In order to identify exported proteins of
B. subtilis, the first 60 residues of all annotated proteins in the
SubtiList database (http://bioweb.pasteur.fr/GenoList/Subti-
List) were analyzed as described by Tjalsma et al. (2000). The
predicted cleavable signal peptides were sub-divided in several
classes of which only the secretory (Sec-type) signal peptides,
and twin-arginine (RR) signal peptides are presented. Total
numbers of the representatives of these two classes of signal
peptides are indicated. The signal peptides of both classes have
a tripartite structure, containing a positively charged N-do-
main (N; indicated with ‘+ ’), a hydrophobic H-domain (H;
indicated by a gray box), and a C-domain (C) that specifies the
recognition site for type I signal peptidases. Twin-arginine
motifs in the N-region, helix-breaking residues (Gly or Pro) in
the H-domain, consensus type I signal peptidase recognition
sites, and the most frequently occurring residues at the ‘+1’
position of mature proteins are indicated. Furthermore, the
average length of complete signal peptides, N-domains, and
H-domains is indicated, together with the average hydropho-
bicity of N- and H-domains (between brackets). Note that
potential lipoproteins with an RR-motif in their signal peptide
are not represented in this figure.

tion via the Tat pathway, or that some of the
predicted RR-signal peptides do not direct
proteins into the Tat pathway. The latter possibil-
ity seems to apply to a number of proteins with
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Fig. 5. Two-dimensional gel electrophoretic analysis of the TatC-dependent secretion of PhoD. B. subtilis 168 or the TatC double
mutant strain �tatCd–�tatCy, were grown under conditions of phosphate starvation to induce the expression of PhoD. Secreted
proteins were analyzed by two-dimensional gel electrophoresis. The names of proteins identified by mass spectrometry are indicated.
This figure was reproduced from Jongbloed et al. (2000) with the kind permission of the Journal of Biological Chemistry.

low overall hydrophobicity (�2.1; Cristóbal et
al., 1999; de Gier et al., 1998) of the H-region and
the presence of hydrophobic residues at the +2
and +3 positions relative to the twin-arginines
(Brink et al., 1998) are used as stringent criteria
for RR-signal peptide predictions, a total number
of eight RR-signal peptides is predicted for B.
subtilis. Two of the eight corresponding proteins
(i.e. OppB and QcrA; Table 1) lack a signal
peptidase recognition site and will, therefore, re-
main attached to the membrane. Thus, it is con-
ceivable that only six proteins of B. subtilis (i.e.
AlbB, LipA, PhoD, YkuE, YuiC and YwbN) are
secreted into the growth medium via the Tat
pathway. At present, PhoD is the only protein of
B. subtilis that is known to be secreted in a strictly
TatC-dependent manner (Fig. 5; Jongbloed et al.,
2000). Of the other five proteins, only the esterase
LipA has been identified in the extracellular pro-
teome of B. subtilis (Antelmann et al., 2001).
There is currently no evidence to suggest that
AlbB, LipA, PhoD, YkuE, YuiC or YwbN are
involved in extracytoplasmic cofactor-containing
complexes.

7. Tat pathway specificity

The presence of two tatAC gene clusters has
several implications. Firstly, B. subtilis may have
one route for Tat that is composed of paralogous
TatA and TatC components. Alternatively, this
organism has two parallel Tat translocation
routes (Fig. 6). The observation that the expres-
sion of the tatAd– tatCd genes is co-regulated with
that of the preceding phoD gene (Fig. 2), being
only detectable under conditions of phosphate
starvation, would be consistent with the latter
idea (Jongbloed et al., 2000; J.D.H. Jongbloed,
unpublished observations). Most importantly,
TatCd is required for PhoD secretion, unlike
TatCy (Fig. 7). In fact, the presence of TatCy
even interferes with optimal secretion of PhoD.
Thus, it seems that TatC is a specificity determi-
nant for secretion via the Tat pathway. The latter
finding would be consistent with the ‘sea
anemone’ hypothesis by Berks et al. (2000) in
which, on the basis of theoretical considerations,
it was proposed that the TatA-like proteins form
a protein-conducting channel, the TatC protein
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being the RR-signal peptide receptor. On the
other hand, the possibility that the TatA-like
components have an RR-receptor function can
presently not be excluded (Chanal et al., 1998;
Settles et al., 1997; Wu et al., 2000), and it is even
possible that a TatA/B/C complex has the recep-
tor function (Jongbloed et al., 2000).

To date, it is not known how Tat pathway
specificity is determined. Recent studies with the
glucose– fructose oxidoreductase (GFOR) of Zy-
momonas mobilis have shown that this protein is
not exported upon expression in E. coli, unless its
original RR-signal peptide is replaced with an
RR-signal peptide from an E. coli protein
(Blaudeck et al., 2001). Only in the latter case,
Tat-dependent export of GFOR by E. coli can be

observed. These findings show that Tat pathway
specificity is based on a critical combination of
RR-signal peptides and Tat proteins, and that
RR-signal peptides are not universally recognized
by different Tat translocases (Blaudeck et al.,
2001).

In the context of pathway specificity, it is inter-
esting to note that naturally occurring signal pep-
tides that direct Tat-dependent export may even
lack one of the invariant arginine residues, as
exemplified with the ‘KR’-signal peptide of the
TtrB subunit of the Salmonella enterica te-
trathionate reductase (Hinsley et al., 2001). The
latter signal peptide contains the sequence K-R-
Q-F-L instead of the canonical R-R-X-c -c mo-
tif. Similarly, site-directed mutagenesis studies

Fig. 6. Model for protein secretion via the Tat pathway of B. subtilis. Precursors with a twin-arginine (RR-)signal peptide have the
potential to fold in the cytoplasm before their translocation by the Tat machinery in the membrane. Known components of the B.
subtilis Tat pathway are the TatAc/Ad/Ay and TatCd/Cy proteins, which are specified by two paralogous gene families, respectively.
TatCd and TatCy are determinants for pathway specificity. It is presently not known whether the Tat proteins of B. subtilis form
complexes in the membrane and, if so, whether two distinct Tat complexes (TatAd–TatCd and TatAy–TatCy) exist, or whether the
known Tat proteins are part of one Tat complex. The function of the TatAc protein is presently unknown and was, therefore, not
included in this model. Furthermore, it is not known whether the Tat pathway is involved in the biogenesis of integral membrane
proteins and lipoproteins. Upon translocation, processing by signal peptidase, and cell wall passage, the folded mature proteins are
secreted into the growth medium. SP, signal peptide; SEC, Sec pathway; TAT, Tat pathway.
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Fig. 7. The TatCd protein is required for secretion of PhoD.
B. subtilis 168 (parental strain) and single or double tatCd or
tatCy mutant strains (�tatCd, �tatCy, �tatCd–�tatCy) were
grown under conditions of phosphate starvation to induce the
synthesis of PhoD. To study the secretion of PhoD (A) or the
control protein PhoB (B), which has a Sec-type signal peptide,
B. subtilis cells were separated from the growth medium by
centrifugation. Secreted PhoD and PhoB in the growth
medium were visualized by SDS-PAGE and Western blotting,
using PhoD- or PhoB-specific antibodies. This figure was
reproduced from Jongbloed et al. (2000) with the kind permis-
sion of the Journal of Biological Chemistry.

lakoid lumen protein, which is a Sec-incompat-
ible Tat substrate in thylakoids, was efficiently
exported via the Tat pathway of E. coli (Bogsch
et al., 1998). Finally, the most important proof-
of-principle for the application potential of the
Tat pathway was recently obtained by demon-
strating that the RR-signal peptide of the
trimethylamine N-oxide reductase (TorA) can be
used for the Tat-dependent export of acti�e
jellyfish green fluorescent protein (GFP) to the
periplasm of E. coli (Santini et al., 2001; Thomas
et al., 2001). In contrast, acti�e GFP can not be
exported via the Sec pathway (Feilmeier et al.,
2000).

9. Conclusion

Standard export technologies, based on the
well-characterised general Sec pathway, are fre-
quently inapplicable for the production of
proteins. As shown for jellyfish GFP, the re-
cently-discovered Tat pathway offers additional
potential to transport Sec-incompatible het-
erologous proteins. Most likely, this will not only
apply to E. coli, but also to other organisms,
such as B. subtilis, in which a functional Tat
pathway is present.
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have shown that the conservative substitution of
a single arginine by lysine in the RR-motif of the
E. coli SufI protein did not preclude its Tat-de-
pendent translocation (Stanley et al., 2000).
These observations underscore the fact that Tat
pathway specificity is not exclusively determined
by the twin-arginine residues in the RR-motif.
Furthermore, these observations suggest that the
number of proteins that are exported via the Tat
pathway is currently underestimated.

8. Application potential of the Tat pathway

The most important question from a biotech-
nological point of view is whether the Tat path-
way can be applied for the secretion of
heterologous proteins that can not be secreted
via the Sec pathway. So far, this question has
not been answered for B. subtilis. However, re-
sults obtained with other systems indicate that
the Tat pathway can indeed be exploited for the
transport of Sec-incompatible proteins. Firstly,
the thylakoidal system has been shown to
translocate a heterologous protein, the mouse di-
hydrofolate reductase, in a fully folded state,
which is not possible via the Sec pathway
(Hynds et al., 1998). Secondly, the 23 kDa thy-
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traffic in bacteria: multiple routes from the ribosome to
and across the membrane. Progr. Nucl. Acid Res. Mol.
Biol. 66, 107–158.

Nagarajan, V., 1993. Protein secretion. In: Sonenshein, A.L.,
Hoch, J.A., Losick, R. (Eds.), Bacillus subtilis and other
Gram-positive Bacteria. American Society for Microbiol-
ogy, Washington, DC, pp. 713–7726.

Oresnik, I.J., Ladner, C.L., Turner, R.J., 2001. Identification
of a twin-arginine leader-binding protein. Mol. Microbiol.
40, 323–331.

Pugsley, A.P., 1993. The complete general secrotory pathway
in Gram-negative bacteria. Microbiol. Rev. 57, 50–108.

Quax, W.J., 1997. Merits of secretion of heterologous proteins
from industrial micro-organisms. Folia Microbiol. (Praha)
42, 99–103.

Robinson, C., Thompson, S.J., Woolhead, C., 2001. Multiple
pathways used for the targeting of thylakoid proteins in
chloroplasts. Traffic 2, 245–251.

Robinson, C., Bolhuis, A., 2001. Protein targeting by the
twin-arginine translocation pathway. Nature Rev. Mol.
Cell Biol. 2, 350–356.

Santini, C.-L., Ize, B., Chanal, A., Müller, M., Giordano, G.,
Wu, L.F., 1998. A novel Sec-independent periplasmic
protein translocation pathway in Escherichia coli. EMBO
J. 17, 101–112.

Santini, C.-L., Bernadac, A., Zhang, M., Chanal, A., Ize, B.,
Blanco, C., Wu, L.-F., 2001. Translocation of jellyfish
green fluorescent protein via the TAT system of Es-
cherichia coli and its periplasmic localization in response to
osmotic up-shock. J. Biol. Chem. 276, 8159–8164.

Sargent, F., Bogsch, E.G., Stanley, N.R., Wexler, M.,
Robinson, C., Berks, B.C., Palmer, T., 1998. Overlapping

functions of components of a bacterial Sec-independent
protein export pathway. EMBO J. 17, 3640–3650.

Sargent, F., Stanley, N.R., Berks, B.C., Palmer, T., 1999.
Sec-independent protein translocation in Escherichia coli : a
distinct and pivotal role for the TatB protein. J. Biol.
Chem. 274, 36073–36082.

Sargent, F., Gohlke, U., de Leeuw, E., Stanley, N.R., Palmer,
T., Saibil, H.R., Berks, B.C., 2001. Purified components of
the Escherichia coli Tat protein transport system form a
double-layered ring structure. Eur. J. Biochem. 268, 3361–
3367.

Settles, A.M., Martienssen, R., 1998. Old and new pathways
of protein export in chloroplasts and bacteria. Trends Cell.
Biol. 8, 494–501.

Settles, A.M., Yonetani, A., Baron, A., Bush, D.R., Cline, K.,
Martienssen, R., 1997. Sec-independent protein transloca-
tion by the maize Hcf106 protein. Science 278, 1467–1470.

Simonen, M., Palva, I., 1993. Protein secretion in Bacillus
species. Microbiol. Rev. 57, 109–137.

Stanley, N.R., Palmer, T., Berks, B.C., 2000. The twin
arginine consensus motif of Tat signal peptides is involved
in Sec-independent protein targeting in Escherichia coli. J.
Biol. Chem. 275, 11591–11596.

Stephenson, K., Harwood, C.R., 1998. Influence of a cell-wall-
associated protease on production of alpha-amylase by
Bacillus subtilis. Appl. Environ. Microbiol. 64, 2875–2881.

Stephenson, K., Carter, N.M., Harwood, C.R., Petit-Glatron,
M.F., Chambert, R., 1998. The influence of protein folding
on late stages of the secretion of �-amylases from Bacillus
subtilis. FEBS Lett. 430, 385–389.

Thomas, J.D., Daniel, R.A., Errington, J., Robinson, C., 2001.
Export of active green fluorescent protein to the periplasm
by the twin-arginine translocase (Tat) pathway in Es-
cherichia coli. Mol. Microbiol. 39, 47–53.

Tjalsma, H., Bolhuis, A., van Roosmalen, M.L., Wiegert, T.,
Schumann, W., Broekhuizen, C.P., Quax, W.J., Venema,
G., Bron, S., van Dijl, J.M., 1998. Functional analysis of
the secretory precursor processing machinery of Bacillus
subtilis : identification of a eubacterial homolog of archaeal
and eukaryotic signal peptidases. Genes Dev. 12, 2318–
2331.

Tjalsma, H., Bolhuis, A., Jongbloed, J.D.H., Bron, S., van
Dijl, J.M., 2000. Signal peptide-dependent protein trans-
port in Bacillus subtilis : a Genome-based survey of the
secretome. Microbiol. Mol. Biol. Rev. 64, 515–547.

van Dijl, J.M., Bolhuis, A., Tjalsma, H., Jongbloed, J.D.H., de
Jong, A., Bron, S., 2001. Protein transport pathways in
Bacillus subtilis : a genome-based road map. In: Sonen-
shein, A.L., Hoch, J.A., Losick, R. (Eds.), Bacillus subtilis
and its Closest Relatives: from Genes to Cells. American
Society for Microbiology, Washington, DC, pp. 337–355.

van Leen, R.W., Bakhuis, J.G., van Beckhoven, F.W.C.,
Burger, H., Dorssers, J., Hommes, R.W.J., Lemson, P.J.,
Noordam, B., Persoon, N.L.M., Wagemaker, G., 1991.
Production of human interleukin-3 using industrial micro-
organisms. Biotechnology 9, 47–52.



J.M. �an Dijl et al. / Journal of Biotechnology 98 (2002) 243–254254

von Heijne, G., Abrahmsén, L., 1989. Species-specific variation
in signal peptide design. Implications for protein secretion
in foreign hosts. FEBS Lett. 27, 439–446.

Weiner, J.H., Bilous, P.T., Shaw, G.M., Lubitz, S.P., Frost, L.,
Thomas, G.H., Cole, J.A., Turner, R.J., 1998. A novel and
ubiquitous system for membrane targeting and secretion of
cofactor-containing proteins. Cell 93, 93–101.

Wexler, M., Sargent, F., Bogsch, E.G., Stanley, N.R.,
Robinson, C., Berks, B.C., Palmer, T., 2000. J. Biol. Chem.
275, 16717–16722.

Wu, L.-F., Ize, B., Chanal, A., Quentin, Y., Fichant, G., 2000.
Bacterial twin-arginine signal peptide-dependent protein
translocation pathway: evolution and mechanism. J. Mol.
Microbiol. Biotechnol. 2, 170–189.


	Functional genomic analysis of the Bacillus subtilis Tat pathway for protein secretion
	Introduction
	Problems encountered with the Sec pathway
	The Tat pathway
	Tat pathway components
	Tat pathway components of B. subtilis
	Twin-arginine (RR-)signal peptides of B. subtilis
	Tat pathway specificity
	Application potential of the Tat pathway
	Conclusion
	Uncited reference
	Acknowledgements
	References


