
Bacterial Mtt/Tat Pathway   179

Bacterial Twin-Arginine Signal Peptide-Dependent
Protein Translocation Pathway:
Evolution and Mechanism

Received October 13, 1999; revised January 28, 2000; accepted January
28, 2000. *For correspondence. Email wu@ibsm.cnrs-mrs.fr; Tel. +33-4
91164212; Fax. +33-4 91718914.

J. Mol. Microbiol. Biotechnol. (2000) 2(2): 179-189.

© 2000 Horizon Scientific Press

JMMB Minireview

Long-Fei Wu*, Bérengère Ize, Angélique Chanal,
Yves Quentin and Gwennaele Fichant

Laboratoire de Chimie Bactérienne, UPR9043 CNRS,
Institut de Biologie Structurale et Microbiologie, 31
chemin Joseph Aiguier, 13402 Marseille cedex 20,
France

Abstract

The recently identified bacterial Tat pathway is capable
of exporting proteins with a peculiar twin-arginine
signal peptide in folded conformation independently
of the Sec machinery. It is structurally and
mechanistically similar to the ∆pH-dependent pathway
used for importing chloroplast proteins into the
thylakoid. The tat genes are not ubiquitously present
and are absent from half of the completely sequenced
bacterial genomes. The presence of the tat genes
seems to correlate with genome size and with the
presence of important enzymes with a twin-arginine
signal peptide. A minimal Tat system requires a copy
of tatA and a copy of tatC. The composition and gene
order of a tat locus are generally conserved within the
same taxonomy group but vary considerably to other
groups, which would exclude an acquisition of the Tat
system by recent horizontal gene transfer. The tat
genes are also found in the genomes of chloroplasts
and plant mitochondria but are absent from animal
mitochondrial genomes. The topology of evolution
trees suggests a bacterial origin of the Tat system. In
general, the twin-arginine signal peptide is capable of
targeting any passenger protein to the Tat pathway.
However, a structural signal carried by the mature part
of a passenger protein can override targeting inform-
ation in a signal peptide under certain circumstances.
Tat systems show a substrate-Tat component spec-
ificity and a species specificity. The pore size of the
Tat channel is estimated as being between 5 and 9 nm.
Operational models of the Tat system are proposed.

Introduction

Bacteria export numerous proteins across the plasma
membrane into either the periplasmic space of Gram-
negative species or directly into the growth medium in the
case of Gram-positive strains. Mechanisms for this step in
protein export have been extensively studied at the
molecular level for over a decade. Until recently, it was

believed that the export of proteins across the cytoplasmic
membrane was mediated solely by the Sec machinery. In
addition, it was generally accepted that protein unfolding
or prevention of protein folding prior to translocation is
crucial for the transport of proteins across the bacterial
plasma membrane (Pugsley, 1993, Schatz and
Dobberstein, 1996).

Translocation of metallo-enzymes challenged this
general schema since formation of metallo-centers is
related to translocation. Such coordination defines three
mechanisms used for the export of metallo-enzymes. The
difference between these mechanisms lies in the respective
locations of the metallo-center formation. The first one is
represented by the biogenesis of respiratory cytochromes
(Thony-Meyer, 1997). Apocytochrome precursors are
exported through the Sec machinery, and the covalent
attachment of heme appears to be enzyme-catalyzed and
takes place in the periplasm. The second possible pathway,
implying a concomitant formation of the metallo-center with
the translocation of a precursor crossing the membrane,
has not yet been demonstrated. In the third mechanism,
the incorporation of a metal ion into a precursor occurs in
the cytoplasm. The metallo-enzyme is then translocated
across the membrane in a folded conformation through a
specific pathway. Recently, such a novel protein export
system has been revealed, first in chloroplasts (∆pH
pathway) (Settles et al., 1997) and then in Escherichia coli
(Bogsch et al., 1998, Chanal et al., 1998, Santini et al.,
1998, Sargent et al., 1998, Weiner et al., 1998). The
bacterial system was designated first as «membrane
targeting and translocation» (Mtt) (Weiner et al., 1998) and
then as a «twin-arginine translocation» (Tat) pathway
(Sargent et al., 1998). These findings provoked a general
interest in this fascinating mechanism, and the salient
features of these pathways have been recently reviewed
in two articles (Dalbey and Robinson, 1999, Settles and
Martienssen, 1998). However, these reviews are more
chloroplast-oriented. In addition, considerable progress has
been made since then in the study of the bacterial system
due to the amenability of the microorganisms for genetic
studies. In this review we attempt to make critical
evaluations of the most current findings in the bacterial Tat
system with a brief comparison to the ∆pH pathway of
chloroplasts only for the purpose of a better understanding
of the general mechanism. We will focus on evolution,
classification and specificity of the Tat system at both
substrate and species levels. We wish to provide an
updated view of this rapidly moving field and some insight
into the mechanism of the Tat pathway.

Evolution of the Tat and ∆pH pathways

Ubiquitous Presence of the Tat System
The first component of the Tat/∆pH pathway to be identified
was reported in maize (Settles et al., 1997). The Hcf106
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gene encodes a receptor-like thylakoid membrane protein,
and its mutation disrupts the localization of proteins
transported through the ∆pH pathway. Independently, a
Hcf106 counterpart mutant mttA was isolated in E. coli
(Weiner et al., 1998). A point mutation in the mttA gene
results in the mislocation of three molybdoenzymes that
contain a peculiar twin-arginine signal peptide. mttA
belongs to the mttABC operon, and the encoding proteins
MttA, B and C are members of a large family of related
sequences extending from archaea to higher eukaryotes
(Weiner et al., 1998). Shortly after this report, revision of
the DNA sequence revealed that mttA is actually two genes,
tatA and tatB (Sargent et al., 1998) that encode two proteins
sharing about 25% sequence identity (Chanal et al., 1998).
In addition to the mttA1A2BC operon (also known as the
tatABCD operon), a tatA homologous gene tatE was found
at 14 min on the chromosome of E. coli (Sargent et al.,
1998, Settles et al., 1997). These genes represent all of
the tat genes that have been identified to date.

Early scanning of data bases suggested that genes
encoding Mtt/Tat components might be ubiquitously present
in the three domains of life (Settles et al., 1997, Weiner et
al., 1998). Since then, several complete genome
sequences have become accessible, we have therefore
undertaken a systematic analysis of the Tat system to
provide an updated view regarding the evolution and
mechanism of this novel pathway.

The most widespread Tat component is TatD.
Sequences related to tatD are found in all complete
genomes except the genome of Archaeoglobus fulgidus
that contains two tatA and two tatC genes (Table 1) but no
tatD homologue. Since the depletion of tatD does not affect
the translocation of typical Tat substrates (Settles and
Martienssen, 1998), whether or not TatD belongs to the
Tat pathway remains an unanswered question. Therefore
we will not consider TatD any further in this review.

TatC is an essential component of the Tat system, and
the depletion of tatC leads to mislocation of all the enzymes
analyzed (Bogsch et al., 1998). The tatC gene is present
in all complete bacterial genomes bigger than 2 Mb, but is
absent from the two genomes smaller than 1 Mb and is
also absent from half of the bacterial genomes between 1
and 2 Mb (Table1). Interestingly tatC is the only tat gene
that is found in the genomes of chloroplasts and of plant
mitochondria (Table 1). However, it is absent from animal
mitochondrial genomes (data not shown). Regarding the
three homologous components, TatA, TatB and TatE, at
least one copy of tatA is always found in a complete
bacterial genome containing tatC  but absent from genomes
lacking tatC. Therefore, a functional bacterial Tat system
presumably requires both TatC and TatA. In addition, the
presence of a Tat system seems to be perfectly correlated
with the cellular location of some important enzymes in
bacteria. For example, hydrogenases are enzymes of
widespread occurrence in bacteria and occupy a central
place in the energy metabolism of anaerobic bacteria
(Adams, 1990). The complete genomes of Aquifex aeolicus,
Escherichia coli, Archaeoglobus fulgidus and Helicobacter
pylori encode a periplasmic or membrane-bound
hydrogenase with the twin-arginine signal peptide and, in
parallel, they contain the tat genes. By contrast, the
homologous hydrogenases from Methanococcus
jannaschii and Methanobacterium thermoautotrophicum do
not contain the twin-arginine signal peptide, and the tat

genes are consistently absent from these genomes. Taken
together, the Tat system is not ubiquitously present in all
genomes and is unlikely to be among the minimal genes
required for life. Having a Tat system seems to be a
«luxury» which a bacterium can offer to itself only if the
size of its genome allows to do it. Nevertheless, the Tat
system could confer the bacterium an advantage in the
competition for a biological niche. At present, our
knowledge regarding the physiological implication of Tat
system is very limited (see below).

Genetic Structure of tat Operons and Evolution of
the tat Pathway
Despite the fact that the tat genes are absent from half of
the complete bacterial genomes, the tat gene duplication
appears to have occurred frequently. The entire tatAC
operon has been duplicated in the genome of Bacillus
subtilis. But in most cases, only the tatA-like genes undergo
duplications which lead to a second copy of tatA known as
tatA2, tatB or tatE (Table 1). The divergent evolution of
tatB with an increase in its C-terminal domain resulted in
the formation of a cluster distinct from tatA both in sequence
and in function in Proteobacteria and in Actinobacteria
(Table 1, Figure 1A, and see below). On the other hand,
tatE was found only in the enterobacteria and might result
from a second duplication of tatA after the emergence of
the ancestor of the enterobacteria. The minimal
components of a bacterial Tat system may include one copy
of tatA and one copy of tatC in Richettsia prowazekii and
in Aeropyrum pernix. The composition of a tat locus varies
from a single gene to three genes, but it seems to be highly
conserved within a taxonomic group (Table 1). For example,
the tatC gene is usually adjacent to tatA or tatB and they
form a tatAC or a tatBC operon, respectively. However,
the three genes are located within a single locus in the
genomes of the beta and gamma subdivisions of
Proteobacteria (Table 1). In contrast to such a grouped
organization, tatC in the genomes of R. prowazekii, A.
pernix, Archaeoblobus fulgidus, Aquifex aeolicus,
Chlorobium tepidum and Synechocytis is located alone at
a locus separated from that of tatA. Such variation in gene
order suggests a complicated evolutionary process to which
the Tat system was subjected and it would exclude a
possible acquisition of the Tat system in various organisms
by recent horizontal gene transfer.

Evolutionary trees have been computed with TatA/
TatB/TatE (Figure 1A) or TatC (Figure1B). The species
belonging to the same group form a cluster, but the topology
may be different from that of the phylogenic tree obtained
with 16S RNAs. In addition, the Tat components from
chloroplasts form a cluster with those from cyanobacteria,
and those from mitochondria with the alpha-proteobacteria.
These results suggest a bacterial origin of the Tat system.
The tat genes were also found in the nuclear genome of
Arabidopsis thaliana, Pisum salivum and Zea mays (Table
1), suggesting gene transfer from chloroplasts to the
nuclear genome. Transfer from nuclei or chloroplasts to
plant mitochondria is unlikely since TatC from chloroplasts
and mitochondria belong to different clusters on the
evolutionary tree (Figure 1B). As mentioned above, the tat
genes are absent from the genomes of animal
mitochondria. At present, we do not know if the tat genes
have been completely transferred to animal nuclear
genomes or if they were lost during the evolution of animal
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Table 1. Genes Encoding Tat Components and Their Genetic Structure in Various Genomes

Taxonomy Organisms (Abbreviation) Size tatC tatA tatB tatE Genetic structure

Archaea
* Crenarchaeota Aeropyrum pernix (APR) 1.67 1 1 0 0 C; A

* Eurvarchaeota Archaeoglobus fulgidus (AFU) 2.18 2 2 0 0 A; A2; C; C2
Methanobacterium thermoautotropicum (MTH) 1.75 0 0 0 0
Methanococcus jannaschii (MJA) 1.66 0 0 0 0
Pyrococcus abyssi (PAB) 1.77 0 0 0 0
Pyrococcus horikoshii (PHO) 1.80 0 0 0 0

Bacteria
* Aquificales Aquifex aeolicus (AAE) 1.50 1 2 0 0 C; AA2

* Firmicutes
- Bacillus/Clostridium group Bacillus subtilis (BSU) 4.20 2 3 0 0 AC; A2C2; A3

Mycoplasma genitalium (MGE) 0.58 0 0 0 0
Mycoplasma pneumoniae (MPN) 0.81 0 0 0 0
Bacillus halodurans (BHA) 1 1
Staphylococcus aureus (SAU) 1 1 AC

- Actinobacteria Mycobacterium tuberculosis (MTU) 4.40 1 1 1 0 AC; B
Mycobacterium bovis (MBO) 1 1 1 AC; B
Mycobacterium leprae (MLE) 1 1 1 AC; B
Mycobacterium avium (MAV) 1 1 1 AC; B
Rhodococcus. erythropolis (RER) 1 A

* Spirochaetales Borrelia burgdorderi (BBU) 1.44 0 0 0 0
Treponema pallidum subsp.pallidum (TPA) 1.14 0 0 0 0

* Thermotogales Thermotoga maritima (TMA) 1.80 0 0 0 0

* Planctomyces/Chlamydia group Chlamydia trachomatis (CTR) 1.05 0 0 0 0
Chlamydia pneumoniae (CPN) 1.23 0 0 0 0

* Proteobacteria
- gamma subdivision Haemophilus influenzae (HIN) 1.83 1 1 1 0 ABC

Escherichia coli (ECO) 4.60 1 1 1 1 ABC; E
Salmonella tiphy (STI) 1 1 1 1 ABC; E
Yersinia pestis (YPE) 1 1 1 1 ABC; E
Vibrio cholerae (VCH) 1 1 1 1 ABC; E
Pseudomonas aeruginosa (PAE) 1 1 1 0 ABC
Shewanella putrefaciens (SPU) 1 1 1 ABC
Thiobacillus ferrooxidans (TFE) 1 1 1 ABC
Pasteurella multocida (PMU) 1 1 1 ABC
Actinobacillus actinomycetemcomitans (AAC) 1 1 1 ABC?
Azotobacter chroococcum (ACH) 1 1 1 ABC
Pseudomonas stutzeri (PST) 1

- delta/epsilon subdivisions Helicobacter pylori 26695 (HP2) 1.67 1 1 1 0 BC; A
Helicobacter pylori J99 (HPJ) 1.64 1 1 1 0 BC; A
Campylobacter jejuni (CJE) 1 1 1 BC; A

- beta subdivision Neisseria meningitidis (NME) 1 1 1 ABC
Bordetella pertussis (BPE) 1 1 1 ABC
Neisseria gonorrhoace (NGO) 1 1 1 ABC

- alpha subdivision Rickettsia prowazekii (RPR) 1.10 1 1 0 0 C;A
Caulobacter crescentus (CCR) 1 1 1 AB;C?

* Cyanobacteria Synechocystis PCC6803 (CYA) 3.57 1 2 0 0 C; A; A2
* Deinococcus Drinococcus radiodurans (DRA) 3.28 1 2 0 0 AC;A2
* Green sulfur Chlorobium tepidum (CTE) 1 2 C; A; A2

Eukaryota
* Fungi Saccharomyces cerevisiae (SCE) 13 0 ? ? 0
* Metazoa Caenorhabditis elegans (CEL) >100 0 0 0 0

*Nuclear genome encoding
chloroplast proteins Arabidopsis thaliana (ATH) 1 1 A; C

Pisum salivum (PSA) 1 A
Zea mays (EMA) 3 ?

* Chloroplast genome Porphyra purpurea (PPC) 0.19 1 0 0 0
Guillardia theta (GTC) 0.12 1 0 0 0
Odontella sinensis (OSC) 0.12 1 0 0 0
Zea mays (EMA) 0.14 0 0 0 0
Epifagus virginiana (EVI) 0.07 0 0 0 0
Nicotiana tabacum (NTA) 0.16 0 0 0 0
Oryza sativa (OSA) 0.13 0 0 0 0
Euglena gracilis (EGR) 0.14 0 0 0 0
Toxoplasma gondii (TGO) 0.04 0 0 0 0

* Plant mitochondrial genomes Marchantia polymorpha (MPM) 0.19 1 0 0 0
Porphyra purpurea (PPM) 0.04 1 0 0 0
Chondrus crispus (CCM) 0.03 1 0 0 0
Cyanidioschyzon merolae (CMM) 0.03 1 0 0 0
Arabidopsis thaliana (ATM) 0.37 1 0 0 0
Chlamydomonas eugametos (CEU) 0.02 0 0 0 0
Chlamydomonas reinharditii (CRE) 0.02 0 0 0 0
Pedimonas minor (PMI) 0.03 0 0 0 0
Prototheca wickerhamii (PWM) 0.06 1
Oenothera villaricae (OVM) 1
Oenothera berteriana (OBM) 1

* Protist Reclinomonas americana (RAM) 0.07 1 0 0 0

Preliminary sequence data was obtained from National Center for Biotechnology Information, National Library of Medicine National Institutes of Health (http://www.ncbi.nlm.nih.gov)
and from The Institute for Genomic Research (http://www.tigr.org). The size represents approximate (in mega base pairs) size of the complete genomes. Copy of the tatC, tatA,
tatB or tatE genes found in a genome is presented by numbers. Genetic structure describes the loci which are composed of the tat genes as indicated. The loci are separated by ;
and by ? when it is not established. A2, A3 and C2 represent the second or the third copies of tatA or tatC.
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Figure 1. (A) Tree of the TatA/B proteins. (B) Tree of the TatC proteins. The sequences have been aligned using ClustalW (Thompson et al., 1994). In the case
of TatA/B, only the N-terminal parts of the sequences have been considered. The tree was computed with the neighbor-joining method (Saitou and Nei, 1987)
applied on a protein distance matrix derived from the multiple alignment with the PROTDIST method (Felsenstein, 1989). It was drawn with the PHYLO_WIN
tool (Galtier et al., 1996). The protein name refers to Table 1. The branch lengths are proportional to evolutionary distances. Only bootstrap scores greater
than 60% (500 iterations) are indicated on the corresponding branch. The different taxonomic groups are indicated.
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mitochondrial genomes which are more compact and
smaller than the plant mitochondrial genomes. However,
several observations would support loss of the tat genes
from animal mitochondria. First, mitochondria are assumed
to have evolved from the rickettsial group, and the
mitochondria of Reclinomonas americana are considered
to be the ancestor of all mitochondria (Lang et al., 1997).
Both Rickettsia prowazekii and Reclinomonas americana
contain tat genes, strongly suggesting the presence of the
tat genes in the ancestral mitochondrial DNA. Secondly,
the tat genes are absent from the genome of
Caenorhabditis elegans, the first complete animal genome
(Table 1).

Mechanism of the Tat pathway

Twin-Arginine Signal Peptide
The bacterial twin-arginine signal peptide was originally
found in periplasmic and membrane bound hydrogenases
(Voordouw, 1992, Wu and Mandrand, 1993). It was then
described as being conserved among various classes of
bacterial enzymes containing redox cofactors (Berks,
1996), and was shown to direct these enzymes to the Sec-
independent Tat pathway (Bogsch et al., 1998, Rodrigue
et al., 1999, Santini et al., 1998, Sargent et al., 1998, Weiner
et al., 1998). The bacterial twin-arginine signal peptide

contains a characteristic, unusually long, N-terminal region
with a consensus sequence S/T-R-R-X-phi-phi, of which
the twin arginines are completely invariant and phi is a
hydrophobic residue (Berks, 1996). The bacterial Tat
pathway is structurally and mechanistically similar to the
∆pH-dependent pathway used for importing chloroplast
proteins into the thylakoid (Dalbey and Robinson, 1999,
Settles and Martienssen, 1998, Wexler et al., 1998). Most
importantly, the Tat signal peptides from bacteria and
thylakoids appear to be interchangeable (Halbig et al.,
1999a, Mori and Cline, 1998, Settles and Martienssen,
1998, Wexler et al., 1998). In general, both the chloroplast
and the bacterial twin-arginine signal peptides are capable
of translocating a fusion protein across the membrane
through the ∆pH or Tat pathway regardless of whether the
passenger protein originally use the ∆pH/Tat or Sec
pathway (Table 2).

Specificity of the Twin-Arginine Signal Peptide for
Targeting Proteins to the Tat/∆pH Pathways
The twin-arginine signal peptides resemble classical signal
peptides in overall structural terms. Comparison of the two
kinds of signal peptides reveals three differences: (a) the
N-domain of the signals for the ∆pH-driven system or Tat
pathway invariably contains a critical twin-arginine motif
prior to the hydrophobic (H) domain whereas known Sec-

Table 2. Targeting of Proteins by a Native or Modified Signal Peptide to the Sec or Tat/∆pH Pathways

                           Proteinsa Translocation via pathways ofb           Referencesc

Signal peptide Passenger ∆pH/Tat Sec

TorA - 23K +/+* − 1, 2
FdnG - 23K + 2
HyaA - PC + 3
16K - PC + 4
23K - PC + − 4-9
33K - 16K + 6, 7

N23K-H17K-C17K - PC + 7
N23K-H23K-CPC - PC + − 7
N23K-HPC-CPC - PC 60%+ + 3, 7
N23K-HPC-CPC - 16K + 7
N23K-HPC-CPC - PSI-N + 7
N23K-HPC-CPC - PSII-T + 7
N23K-H33K-C33K - PC + − 7
N23K-HPC-CPC - 33K + + 7
NPC-H23K-C23K - PC − − 7

TorA - P2 (Lep) +* −* 9
TorA[10:10]- P2 (Lep) −* +* 9
TorA - Lep −* +* 9
TorA - Lep-inv −* +* 9
GFOR - ß-Gal Targeted* 10
PelB - Hyd2 − Targeted* 11
PelB - HiPIP − + 12

a): Signal peptides and proteins originally targeted/translocated by the ∆pH/Tat or Sec pathways are present in bold or normal letters, respectively. Thylakoidal
proteins are present in italics. The cytoplasmic located ß–galactosidase (ß–Gal) is underlined. The N, H and C represent the N-terminal, the hydrophobic and
the C-terminal domain of the signal peptide, respectively. Abbreviation: TorA: trimethylamine N-oxide reductase; FdnG: the gamma subunit of the nitrate-
related formate reductase; Hya: the small subunit of the hydrogenase 1; PC: plastocyanin; 16K/17K, 23K, 33K are thylakoid proteins 16/17kDa, 23kDa and
33kDa of the oxygen-evolving complex, respectively; PSI-N, PSII-T are proteins N and T from the photosynthetic system I and II, respectively. The [10:10]
presents the replacement of the 10 central residues in the H-domain of the TorA signal peptide by a LAL8 hydrophobic stretch. P2 (Lep): P2 domain of the
leader peptidase; Lep-inv: inverted leader peptidase; Hyd2: hydrogenase 2; HiPIP: high potential iron-sulfur protein.
b): Passenger proteins were successfully (+), partially (60%+) or not (-) translocated by ∆pH/Tat or Sec pathways. * indicates that the translocation was
analyzed in bacteria. “Targeted” means that the passenger protein seems to be targeted to, but not translocated across, the pathway indicated.
c): References 1): (Sargent et al., 1998); 2): (Wexler et al., 1998); 3): (Mori and Cline, 1998); 4): (Michl et al., 1994); 5): (Henry et al., 1994); 6): (Henry et al.,
1994); 7): (Henry et al., 1997); 8): (Bogsch et al., 1997); 9): (Cristobal et al., 1999); 10): (Halbig et al., 1999b); 11): (Rodrigue et al., 1999); 12): (Brüser et al.,
1998).
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dependent signals contain a lysine or an arginine; (b) the
H-domains of ∆pH/Tat-dependent signals are generally
shorter, and (c) the twin-arginine signal peptides often have
one or more positively charged residues, known as «Sec-
avoidance» signals, in the C-terminal region just upstream
of the signal peptidase cleavage site (Bogsch et al., 1997,
Cristobal et al., 1999). It has been shown that the twin-
arginine motif is critical for protein targeting by both bacterial
Tat and thylakoidal ∆pH pathways (Cristobal et al., 1999,
Gross et al., 1999, Halbig et al., 1999b, Nivière et al., 1992,
Wexler et al., 1998). However, the twin-arginine motif itself
is not sufficient to convert a Sec-signal into a Tat-signal
(Brink et al., 1998, Brüser et al., 1998, Chaddock et al.,
1995). Nevertheless, the N-domain of the ∆pH-signal
peptide added in front of the H- and C- domains of a Sec-
signal is sufficient to allow import into thylakoids via the
∆pH pathway both of Sec-dependent and ∆pH-dependent
substrates (Table 2). In a certain context, the H-region and
the C-domain could also be determining factors in the
choice of the translocation pathway. In fact, an increase in
the hydrophobicity of the H-region, or loss of the Sec-
avoidance signal by removing the charged residue leads
to a conversion of a twin-arginine signal peptide into a Sec-
targeting signal peptide (Bogsch et al., 1997, Brink et al.,
1998, Cristobal et al., 1999).

Although the twin-arginine or Sec-signal peptides are
capable of re-routing a protein from its original pathway to
the other one, it does not always lead to successful
translocation or export (Table 2). The passenger protein
could be either stuck in the membrane (Halbig et al., 1999b,
Rodrigue et al., 1999) or be inefficiently translocated
(Nivière et al., 1992). In addition to the signal peptide, a
structural signal residing in the mature part of a protein

seems to be equally important for targeting (Table 2). For
example, the Sec-targeting signals in the leader peptidase
(Lep) can override Tat-targeting information in a twin-
arginine signal peptide that is added in front of Lep
(Cristobal et al., 1999). Consistently, the efficient export of
native Tat substrates depends both on an intact twin-
arginine signal peptide and on the generation of a structural
export signal induced by cofactor binding (Halbig et al.,
1999b, Rodrigue et al., 1996, Santini et al., 1998).

Specificity of the Tat System
It was estimated that about two dozen proteins are
translocated through the Tat pathway in E. coli. To date, at
least nine bacterial enzymes with a molecular mass ranging
from 23 kDa to 116 kDa containing five types of cofactors
have been shown to use the bacterial Tat pathway (Table
3). In addition, the twin-arginine signal peptide is capable
of directing the translocation of other polypeptides lacking
cofactor. These proteins might fold too quickly to be handled
by the Sec pathway (Table 3). The translocation of these
proteins does not depend equally on a given Tat
component. For example, mutation of tatA, tatB or tatE
leads to different consequences for the translocation of
various enzymes (Chanal et al., 1998, Sargent et al., 1998,
Wu et al., 2000). Therefore, the homologous TatA, TatB
and TatE components may handle a subset of substrates
with a greater or lesser overlap substrate specificity. The
specificity could be determined by the fine-tuning variation
in the twin-arginine signal peptides and/or by the targeting
information carried by the mature part of these enzymes.

In addition to the substrate-Tat component specificity
within a single bacterium, Tat systems also show species-
specificity. Such specificity might first reside at the level of

Table 3. Characteristics of Proteins that Were Targeted or Translocated by the Bacterial Mtt (Tat) Pathway

Proteins Size Origin of Tat pathway Referencesg

Nickel enzymes
Hydrogenase 1 40.6 kDa+66.2 kDa (5 nma) Escherichia coli 1 to 3
Hydrogenase 2 39.7 kDa+62.5 kDa (5 nma) Escherichia coli 1 to 5

Molybdoenzymes
TMAO reductase 97 kDa (5x8x4.5 nmb) Escherichia coli 1 to 6
DMSO reductase 82.6kDa + 23.6kDa Escherichia coli 1, 2, 3, and 6
Formate dehydrogenase 116 kDa Escherichia coli 1 to 3
Nitrate reductase 93 kDa Escherichia coli 6

Copper enzyme
Yack 57 kDac Escherichia coli 3

NADP-enzyme
Glucose-fructose oxidoreductase 49 kDa (8.5x10x4.3 nmd) Zymomonas mobilis 7

Iron-sulfur protein
HiPIP 13.5 kDa (2.9x3.2x3.4e) Chromatium vinosum 8

Other
SufI 55 kDa Escherichia coli 3
P2-domain of Leader peptidase 24 kDa Escherichia coli 9
Leader peptidase 36 kDa Escherichia coli 9
ß-lactamase 21 kDa Escherichia coli 10
23 K protein 23 kDa Thylakoids 2
β−galactosidase 116 kDa (17.5x13.5x9 nmf) Zymomonas mobilis 7

a): The homologous hydrogenase from D. gigas shows a globule structure with a diameter of about 5 nm (Volbeda et al., 1995). b): Dimensions of the
structure of the homologous TMAO reductase of S. massilia (Czjzek et al., 1998). c): Molecular weight calculated from the sequence. d): Dimensions of the
tetramer enzyme (Kingston et al., 1996). e): calculated from the structure 1HIP (Carter Jr. et al., 1974). f): Dimensions of the active tetramer form (Jacobson
et al., 1994). g): References 1: (Sargent et al., 1998); 2: (Bogsch et al., 1998); 3: (Sargent et al., 1999); 4: (Chanal et al., 1998); 5: (Rodrigue et al., 1999); 6:
(Weiner et al., 1998); 7: (Halbig et al., 1999b); 8: (Carter Jr. et al., 1974); 9: (Cristobal et al., 1999); 10: (Nivière et al., 1992).
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Figure 2. Operational models of the bacterial Tat system. Transmembrane segments and amphipathic domains are presented by cylinder and oval drawings,
respectively. A): Gating-pushing model. The N-terminal transmembrane segments of TatA/B/E may serve as an anchor to keep them attached to the membrane.
They could also participate in the formation of the Tat channel. Their amphipathic domain might maintain the permeability barrier of the membrane by sealing
the cytoplasmic end of the translocon pore prior to, and in the early stages of, translocation. Once the substrate with a twin-arginine signal peptide (RR)
comes into contact with the channel, the amphipathic domains of TatA/B/E would successively open the channel and push it outward through the channel. B):
Targeting-insertion-opening model. TatA/B/E might form a homo- or hetero-multimer (arbitrarily presented as a dimer here) complex by keeping the
transmembrane segments inside and the amphipathic structures at the periphery to ensure solubility in the cytoplasm. After recognition and binding of the
substrate, the complex would then bring them directly or indirectly to TatC (arbitrarily presented as a monomer) which consists of a closed channel. Integration
of the transmembrane segments of TatA/B/E into the channel could increase the size of the pore and facilitate translocation. The subsequent scenario would
be the same as in (A).
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the capacity of maturation of a given enzyme in the host
cells since the formation of an active metal-center is a
prerequisite for targeting of the enzyme (Halbig et al.,
1999b, Rodrigue et al., 1996, Santini et al., 1998).
Therefore, failure in the formation of a metal-center in a
host cell would prohibit the export of the proteins through
the Tat pathway. At the second level, the correctly
synthesized hetero-substrate may not be efficiently (Brüser
et al., 1998) or may not be successfully (Halbig et al.,
1999b, Wiegert et al., 1997) translocated by the host Tat
system. Such a species specific mode of translocation was
first pointed out by Halbig et al. (1999b) and Wiegert et
al.(1997). An active pre-glucose:fructose oxidoreductase
(preGFOR) of Z. mobilis was synthesized in E. coli, but it
was not processed into a stable periplasmic protein. In this
case either the preGFOR is not recognized by the Tat
system of E. coli, or it is too big to cross the E. coli Tat
channel (see below). In an extreme situation, hetero-
expressed Tat components might not assemble properly
in the host cells or might not interact with other host Tat
components. Indeed, we observed that the tatAC genes
of Thermus thermophilus could not complement the E. coli
tatC mutant (unpublished results). Similarly, TatB of
Helicobacter pylori could not complement a tatB mutant of
E. coli, but the tatA gene of the former organism does
complement the tatA-tatE mutant of the latter (Sargent et
al., 1999). A directed evolutionary approach would provide
some insight into the species-specificity of the Tat system.

Operational Model of the Bacterial Tat System
One of the intriguing questions regarding the mechanism
of the Tat pathway is how a folded polypeptide could cross
the cytoplasmic membrane. TatC consists of six
transmembrane segments, and its depletion completely
blocks the translocation of all enzymes analyzed.
Therefore, we assume that TatC forms the core structure
of the Tat channel (Figure 2). The crystal structures of the
NiFe-hydrogenase from Desulfovibrio gigas and the TMAO
reductase from Shewanella massilia have been resolved
(Czjzek et al., 1998, Volbeda et al., 1995). Based on these
data, we estimate the narrowest diameter for the
hydrogenase 2 and the TMAO reductase of E. coli at about
5 nm (Table 3). Therefore the pore size of the Tat channel
of E. coli should be larger than 5 nm. On the other hand,
the glucose-fructose oxidoreductase functions as a
tetramer with a dimension of 8.5x10x4.3 nm (Kingston et
al., 1996), and it was not translocated into the periplasm
of E. coli (Halbig et al., 1999b, Wiegert et al., 1997).
Therefore the upper limit of the Tat channel of E. coli  would
be less than 9 nm. Interestingly, ß-galactosidase with
dimensions of roughly 17.5x13.5x9 nm seems to stick in
the Tat channel of Z. mobilis (Halbig et al., 1999b) which
would limit the extendable size of the channel to less than
13 nm. At present, we know neither if the size of a Tat
channel varies from bacterium to bacterium nor if there is
a correlation between the copy number of tat genes found
in a genome and the size of the corresponding Tat channel.
Nevertheless, we could estimate the opening size of the
Tat channel as being between 5 and 9 nm.

The Sec pathway is known to “thread” substrates in
an unfolded state through the Sec channel. In E. coli, the
Sec channel is composed of three polypeptides, SecYEG,
with a total of 15 potential transmembrane segments. The
size of the pore might extend up to 5 nm (A.J.M Driessen,

personal communication). Similarly, the size of the aqueous
pore of the Sec complex at the ER membrane is between
4 and 6 nm (Hamman et al., 1997). These values are close
to the narrowest cross section of the hydrogenases and
the TMAO reductase. Therefore, the size of the pore might
not be the only restriction parameter which prohibits the
Tat substrate from crossing the membrane through the Sec
channel. Both the size and the form of a folded protein are
essential factors to be considered in the mechanism of the
Tat pathway. Along the same vein, more than one copy of
TatC or other components would be required to form the
Tat channel with an appropriate pore size equal to or larger
than 5 nm.

TatA, TatB and TatE contain an homologous N-terminal
transmembrane segment and an adjacent amphipathic
structure followed by a C-terminal domain which varies
both in sequence and in length. The N-terminal
transmembrane segment may serve as an anchor to keep
TatA/B/E attached to the membrane. In addition, the
transmembrane segment, and probably also the
amphipathic domain, may participate in the formation of
the Tat channel (Figure 2). This is supported by a report
that TatB may be required to stabilize TatC (Sargent et al.,
1999). The amphipathic domain may lie at the surface of
the membrane or at the top of the channel to maintain
correct orientation of the C-terminal domain that may have
a receptor function. Such a reception might be performed
by TatA, TatB or TatE that is either located separately from
other Tat components or is associated with the Tat channel
(Figure 2A). In addition, the amphipathic domain might
maintain the permeability barrier of the membrane by
sealing the cytoplasmic end of the translocon pore prior
to, and in the early stages of, translocation. Once the
substrate comes into contact with the channel, the
amphipathic domains of TatA/B/E would successively open
the channel and push it outward through the channel.
Alternatively, TatA/B/E might also play a targeting role. In
this case, they may form a homo- or hetero-multimer
complex by keeping the transmembrane segments inside
and the amphipathic structures at the periphery to ensure
solubility in the cytoplasm (Figure 2B). After recognition
and binding of the substrate, the complex would then bring
it directly to TatC, or first integrate into the membrane and
then bring it to TatC which forms the core structure of a
closed channel. The integration of the transmembrane
segments of TatA/B/E into the channel could increase the
size of the pore and facilitate the passage of the substrate.
The subsequent scenario would be the same as above. At
present, we do not know exactly how the Tat system is
energized. Nevertheless the proton motive force seems to
be essential for the bacterial Tat pathway (Santini et al.,
1998) and the ∆pH gradient is the main energy source for
the chloroplast ∆pH pathway.

It should be noted that only the tatC gene is found in
the genomes of chloroplasts and plant mitochondria
whereas the tatA gene is present in the nuclear genome.
Since the ∆pH pathway imports proteins into the thylakoid
such a gene location might be functionally related. It would
support the proposal that TatC forms the core structure of
the channel whereas TatA acts in the cytosol or at the
cytosolic side of the membrane.

In the gating-pushing model (Figure 2A) or targeting-
insertion-opening model (Figure 2B), the N-terminal domain
and the amphipathic region of TatB are supposed to play
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an essential role. At present this is pure speculation.
However, observations indeed support the importance of
the integrity of these two regions. Substitution of the proline
residue, which is located at position 22 immediately after
the transmembrane domain of TatB, by a leucine residue
blocks the translocation of various enzymes (Weiner et al.,
1998). However, the presence in trans of the tatB gene
truncated for its last 72 residues including most of the C-
terminal domain is capable of re-establishing translocation.
A longer truncation of the last 82 residues would abolish
translocation of TMAO reductase and decrease that of the
hydrogenase 2 (Chanal et al., 1998, Sargent et al., 1999).
Therefore, the transmembrane segment and the
amphipathic domain must be physically connected and
correctly orientated to fulfil their function, whereas the C-
terminal domain is less restricted.

To compensate for the rigidity of a folded protein, the
Tat channel should be more flexible than the SecYEG
translocon. It would imply a higher dependence of the Tat
pathway on the fluidity of the membrane. Recently we
observed that depletion of the major zwitterionic
phospholipid phosphatidylethanolamine, or of the two
anionic phospholipids phosphatidylglycerol and cardiolipin,
has more deleterious effects on the translocation of a
protein via the Tat pathway than that via the Sec-pathway
(Mikhaleva et al., 1999).

Despite considerable progress in our knowledge
regarding the mechanism of the Tat pathway, its elucidation
is still in a state of infancy and some essential questions
remain unanswered. How are these enzymes specifically
targeted to the membrane? How do bacterial cells
distinguish a precursor lacking a cofactor from the mature
enzyme competent for translocation? How does such a
folded enzyme cross the membrane? Do other Tat
components exist? How is the Tat machinery synthesized
and assembled? What is the efficiency of the Tat system?
How is the Tat pathway energized? Seeking answers to
these questions will be some of the major research goals
in the study of protein translocation in the next decade.
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