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Abstract

The twin-arginine translocation (Tat) pathway is responsible for the export of folded proteins across
the cytoplasmic membrane of bacteria. Substrates for the Tat pathway include redox enzymes
requiring cofactor insertion in the cytoplasm, multimeric proteins that have to assemble into a
complex prior to export, certain membrane proteins, and proteins whose folding is incompatible with
Sec export. These proteins are involved in a diverse range of cellular activities including anaerobic
metabolism, cell envelope biogenesis, metal acquisition and detoxification, and virulence. The
Escherichia coli translocase consists of the TatA, TatB, and TatC proteins, but little is known about
the precise sequence of events that leads to protein translocation, the energetic requirements, or the
mechanism that prevents the export of misfolded proteins. Owing to the unique characteristics of the
pathway, it holds promise for biotechnological applications.
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INTRODUCTION

The twin-arginine translocation (Tat) pathway serves the unique and remarkable role of
transporting folded proteins across energy-transducing membranes (133). It is widespread
within the microbial world and in plants. Homologs of the genes that encode the transport
apparatus occur in archaea, bacteria, chloroplasts, and plant mitochondria (135). In bacteria,
the Tat pathway catalyzes the export of proteins from the cytoplasm across the inner/
cytoplasmic membrane (IM). In chloroplasts, the Tat components are found in the thylakoid
membrane and direct the import of proteins from the stroma. The Tat pathway acts separately
from the general secretory (Sec) pathway, which transports proteins in an unfolded state
(123).

Tat: twin-arginine translocation
IM: inner/cytoplasmic membrane

Sec: general secretory pathway
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cpTat: chloroplast Tat/ApH pathway
Translocation: movement of proteins across a membrane
Signal peptide: N-terminal extension of a protein that targets it for translocation

TM: transmembrane

The discovery of the Tat pathway dates to the early 1990s, when it was noticed that a subset
of polypeptides in chloroplasts could be translocated independently of ATP hydrolysis and
instead relied solely on the proton gradient (26,86). For this reason, it was initially designated
the ApH pathway but more recently has been termed the cpTat pathway (chloroplast Tat/ApH
pathway). In 1995 Creighton et al. (28) presented the first evidence that the cpTat pathway
enables the translocation of prefolded proteins. Shortly thereafter, Berks (11) observed that a
group of bacterial periplasmic proteins containing various cofactors share a unique type of
signal peptide containing a consensus “double arginine” motif also found in substrates of the
chloroplast pathway. The existence of a bacterial pathway analogous to the one in chloroplasts
was thus established; it was initially termed mtt (membrane targeting and translocation)
(132) and then later Tat (twin-arginine translocation) (114).

The minimal set of components required for Tat translocation in Escherichia coli consists of
three integral membrane proteins, one from each of the TatA, TatB, and TatC families (Tha4,
Hcf106, and cpTatC in chloroplasts, respectively). However, in other bacteria the composition
of the Tat system is surprisingly varied. A TatB protein does not seem to be essential for export,
as some genomes only encode a single TatA and TatC protein (e.g., Rickettsia prowazekii and
Staphylococcus aureus). Some gram-positive bacteria and archaea contain multiple tatC genes
as well as multiple tatA/B genes. For example, Bacillus subtilis has two tatC genes (and three
tatA genes) (75), each of which seems to constitute separate, substrate-specific Tat systems
(73,74,99).

TatC is the most conserved of the Tat proteins and sequence conservation is particularly strong
within the transmembrane (TM) domains (17,22). In a phylogenetic tree of TatC, the
cyanobacterial TatC proteins cluster with the chloroplast TatC proteins, highlighting the likely
evolutionary origin of chloroplasts. TatA and TatB are similar in terms of structure and
sequence, and therefore it is difficult to delineate TatA from TatB homologs in some organisms.
Phylogenetic analysis indicates that TatA homologs cluster more tightly than TatB proteins,
suggesting that TatB may have diverged in sequence more rapidly than TatA (135). It appears
that an early gene duplication event gave rise to tatA and tatB, but since then only tatA has
been duplicated (e.g., to give tatE in E. coli). The functional significance of the duplication of
tatA in E. coli is unclear because tatE is expressed at a low level (71) and its deletion does not
affect the export of reporter fusions to any of the known Tat signal peptides (D. Tullman-Ercek,
M. P. DeL.isa, Y. Kawarasaki, P. Iranpour, B. Ribnicky, et al., unpublished data).

The degree to which organisms utilize the Tat machinery varies widely. In some organisms,
the Tat pathway appears to be employed for only a handful of proteins (74). On the other hand,
the soil-dwelling gram-positive bacterium Streptomyces coelicolor is predicted to have 129
Tat substrates, although only a small number of these have been confirmed experimentally
(80). Halophilic archaea such as Halobacterium sp. NRC-1 and Haloferax volcanii are
predicted to utilize Tat for the export of >90% of their secreted proteins (41,107). A functional
Tat pathway is not required for the growth of E. coli, other y-proteobacteria, or B. subtilis under
most conditions; however, it is essential for the viability of H. volcanii even in rich media
(41). At present the Tat pathway is the subject of intense study aimed at addressing a number
of intriguing mechanistic questions, understanding its role in pathogenicity, and exploiting its
ability to export folded proteins for biotechnological applications. Biochemical studies suggest
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a highly dynamic picture with the Tat proteins participating in various multimeric membrane
complexes that are thought to interact transiently during the translocation cycle. However, the
precise steps in this process remain a mystery, including the mechanism by which the proton
motive force (pmf) provides the energy for vectorial protein transfer across the 1M.

Recent findings have shown that Tat export is essential for the establishment of bacterial
infection in animals and plants. Because Tat proteins are not found in mammals, in principle
the inactivation of Tat export with selective small-molecule inhibitors might lead to new
antimicrobial agents with low human toxicity. Finally, the Tat pathway may provide a means
for the secretion of complex recombinant proteins for biotechnological purposes. The
expression of secreted proteins in E. coli has so far relied on the Sec pathway (51). However,
several proteins are not compatible with Sec export and their production could benefit by
directing them to the Tat apparatus. Similarly, utilization of the Tat pathway holds promise for
improving the display and screening of protein libraries for the isolation of novel receptors or
enzymes.

pmf: proton motive force

Translocon: machinery through which proteins are translocated

TAT SUBSTRATE PROTEINS
Signal Peptides

With the exception of proteins that are exported across membranes via specialized systems
(e.g., type | secretion), a signal peptide is necessary in order to initiate export (133). Signal
peptides consist of three domains: the positively charged N-terminal domain (or n-region), the
hydrophobic domain (h-region), and the C-terminal domain (c-region) (Figure 1). Sequence
analysis revealed that signal peptides capable of targeting the Tat translocon contain the
consensus motif Ser/Thr-Arg-Arg-X-Phe-Leu-Lys (where X is any polar amino acid). The
nearly invariant twin-arginine dipeptide gave rise to the pathway's name (11,29). In addition,
the h-region of Tat signal peptides is typically less hydrophobic than that of Sec-specific signal
peptides owing to the presence of more glycine and threonine residues (29). Tat signal
sequences tend to be longer than their Sec counterparts (primarily because of an extended n-
region), with average lengths of 38 and 24 amino acids, respectively (29).

TMAO: trimethylamine N-oxide
DMSO: dimethyl sulfoxide

The first arginine of the Arg-Arg dipeptide in the consensus motif can be substituted with Lys,
and the second arginine can be substituted with GIn or Asn as well as Lys, with varying
efficiencies (23,37,66,122). The substitution of both arginines with lysines blocks the export
of physiological Tat substrate proteins (122). However, the heterologous protein colicin V,
when fused to a mutant Tat signal peptide containing a Lys-Lys sequence, could still be
exported to the periplasm via the Tat pathway (67). To date, only two natural Tat substrates
are known to lack the arginine dipeptide: the prepropenicillin amidase of E. coli (containing
an Arg-Asn-Arg) (64) and tetrathionate reductase from Salmonella enterica (Lys-Arg) (60).
The other residues within the consensus motif are more amenable to amino acid substitutions.
For example, the Phe and Leu residues can be substituted with other highly hydrophobic amino
acids with little effect on export, although efficiency does drop upon substitution with less
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hydrophobic amino acids, such as Tyr (122). Also, neither the Ser nor the Lys within the
consensus is essential for Tat targeting (122).

In E. coli, a subset of Tat signal peptides exhibits a high degree of export pathway selectivity
while others are promiscuous and can direct export through either the Sec or the Tat translocon
(15,38,66; D. Tullman-Ercek, M. P. DeL.isa, Y. Kawarasaki, P. Iranpour, B. Ribnicky, et al.,
unpublished data). Earlier it had been proposed that the presence of a positive charge in the c-
region serves to avoid misdirecting the precursor polypep-tide to the Sec translocon (15,29).
However, many Tat signal sequences lack this charge. A recent analysis of 29 predicted E.
coli Tat signal peptides revealed that Tat selectivity is imparted by the overall charge of the c-
region together with the N terminus of the mature protein. A net charge of +2 or higher resulted
in Tat specificity while an overall charge of —1 or lower resulted in Sec and Tat promiscuity
(D. Tullman-Ercek, M. P. DeL.isa, Y. Kawarasaki, P. Iranpour, B. Ribnicky, et al., unpublished
data). Because export is post-translational, it should not be surprising that a property encoded
by the mature polypeptide is important in routing the protein to the secretory apparatus.

The Nature of Proteins Exported via Tat

Bioinformatic analysis of signal peptides has been used extensively for the prediction of
proteins that utilize the Tat apparatus (10,42,107). However, as with any computational
method, predictions have to be interpreted with caution (73).

Initially the Tat pathway was thought to have evolved for the translocation of complex redox
proteins (11). For example, in Thermoplasma acidophilum and Thermoplasma volcanicum all
predicted Tat substrates are believed to be cofactor-containing proteins (63). Similarly, in E.
coli about 6% of all secreted proteins are predicted to be Tat-dependent and the majority are
cofactor-containing redox proteins (95,107,121). They include hydrogenases, formate
dehydrogenases, nitrate reductases, trimethylamine N-oxide (TMAOQO) reductases, and dimethyl
sulfoxide (DMSO) reductases, all of which function in anaerobic respiration (50). For many
of these enzymes the synthesis and maturation of their cofactors occur in the cytoplasm and
they must be incorporated in a manner concomitant with folding (12,95), rendering them
incompatible with the Sec pathway. Remarkably, not only can the Tat pathway accommodate
folded proteins, but it can also discriminate against misfolded proteins (38,110,112).

Some cofactor-binding sites, such as those for flavin adenine dinucleotide or copper, are also
found in proteins that are exported through the Sec pathway. Periplasmic copper proteins are
intriguing because those with a single-copper binding domain are Sec dependent. Preference
seems to shift toward Tat export for substrates with additional and more complex copper
binding sites, such as the E. coli multi-copper oxidase CueO (12,68,122). Unlike the many Tat
substrates involved in anaerobic growth, CueO is required for copper homeostasis during
aerobic growth (68,120).

At least eight proteins in E. coli seem to require export via the Tat pathway yet do not have a
signal sequence of their own. Instead, they form a multimeric complex with another protein
that contains a Tat signal sequence (“hitchhiker mechanism”) (106). Thus far, all the proteins
predicted to be exported in this way are also redox proteins and include hydrogenases —1 and
—2, formate dehydrogenases, and DMSO reductases. The prototypical example of this class of
proteins is the hydrogenase-2 subunit HybC, which is transported with its partner HybO in a
process mediated by the signal peptide of the latter polypeptide (106).

The Tat pathway is capable of translocating integral membrane proteins. In fact, the

multisubunit hydrogenases —1 and —2 mentioned above are membrane bound via a TM helical
domain at the C terminus (C-tail) of one of the subunits. Targeting to the IM requires both the
C-tail and the N-terminal Tat signal peptide (56). It is unclear whether the TM region is inserted
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laterally (e.g., from the translocon) or from the periplasm after export. However, the process
is independent of YidC (homologous to the mitochondrial Oxalp), which is required for the
biogenesis of most other IM proteins in bacteria, mitochondria, and chloroplasts (56,136). Note
that membrane anchoring is not limited to substrates exported as multimers (e.g., E. coli
hydrogenase-2 subunit HybA) (56).

In addition to C-terminal TM a-helices, other means of membrane tethering have been found
in Tat substrates of the cpTat pathway but so far have not been observed in bacteria (84,124).
For example, the Rieske protein of the cytochrome bg/f complex that is exported via the cpTat
pathway uses an un-cleaved signal sequence rather than a C-tail for membrane anchoring
(84). There is also some evidence to suggest that the Tat pathway is capable of translocating
lipoproteins that are attached to the membrane via lipidation of the N terminus (41,80). Signal
peptides containing the Tat consensus motif as well as the lipoprotein signal peptidase cleavage
site have been identified in a variety of species, including Legionella pneumophila,
Streptomyces lividans, S. coelicolor, and H. volcanii (32,41,80,118). Two such signal peptides
from S. coeli-color directed a reporter protein to the IM in S. lividans in a Tat-dependent manner
(80). Similarly, Dilks et al. (41) demonstrated that the predicted Tat lipoprotein halocyanin-1
from H. volcanii is targeted to the IM in a Tat-dependent manner. However, definitive
biochemical evidence for protein lipidation was not reported in any of the studies discussed
above.

Only a quarter of the putative Tat substrates in L. pneumophila or the halophilic archaeon
Halobacterium sp. NRC-1 appear to be redox proteins (32,107). In Agrobacterium
tumefaciens there is a significant number of predicted Tat-dependent periplasmic ligand
binding proteins as well as an assortment of other enzymes, such as guanylate kinase and
epoxide hydrolase, that do not seem to require cofactors (43). Similarly, the majority of the
predicted Tat substrates from S. coelicolor do not fall into one of the groups discussed above
(80,118). Sequence analysis has shown that virtually all the homologs of alkaline phosphatase
D and phospholipase C, neither of which are redox proteins, have typical Tat signal peptides
(42). Even in E. coli, Sufl, a prototypical Tat substrate of unknown function, and the
periplasmic amidases AmiA and AmiC are neither exported as multimers nor contain cofactors.
The genes amiA and amiC are particularly important for cell physiology. Inactivation of either
gene or mislocalization of the corresponding protein due to the impairment of Tat export results
inthe formation of long chains of cells that are sensitive to the anionic detergent sodium dodecyl
sulfate (13,69). Interestingly, microarray analysis revealed that the change in expression of
50% of the E. coli genes whose expression is affected by a deletion of tatC can be attributed
to this cell envelope defect (68). Amidases are predicted to be Tat substrates in a variety of
other bacteria, though knockouts do not always result in such severe pleiotropic membrane
defects (20,24,118).

GFP: green fluorescent protein

Why have amidases and other proteins evolved to utilize the Tat pathway? After all, the transit
times for export are considerably longer compared with export through Sec and the energetic
cost may be greater (3,4,122). The most widely accepted hypothesis is that these proteins may
fold too quickly within the cytoplasm to be compatible with the Sec pathway. However, it was
recently demonstrated that the cotranslational signal recognition particle (SRP) pathway is
capable of exporting soluble proteins that exhibit rapid in vitro folding kinetics, such as the
disulfide-bond-forming enzyme DsbA (62,119). Along these lines it would be interesting to
determine whether proteins such as AmiA, AmiC, and Sufl can be targeted to the periplasm
via an SRP-dependent process.
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An alternative hypothesis is that certain Tat proteins may have to fold prior to export because
they cannot reach their biologically active state within the periplasmic milieu. For example,
green fluorescent protein (GFP) can be translocated via both the Sec and Tat pathways but is
only fluorescent in the periplasm when exported by the Tat pathway (45,111,125). This finding
suggests that some Tat substrates may be incompatible with folding in the periplasmic space.
Along these lines it is also conceivable that the Tat pathway is in fact used for the export of
slowly folding proteins. The periplasm presents a relatively harsh environment, and proteins
that fail to reach their native state quickly are targeted for degradation by DegP (109). By
allowing folding to proceed in the cytoplasm, slowly folding proteins may attain a protease-
resistant conformation prior to being exposed to the periplasmic milieu.

Protein folding in the cytoplasm also offers access to chaperones such as GroEL that require
ATP hydrolysis for their action. Interactions with GroEL/ES, DnaK/J/GrpE, and other
cytoplasmic chaperone networks may be required to prevent aggregation or assist in the
assembly of certain Tat substrates. Rose et al. (107) postulated that for H. volcanii and other
halophilic archaea the high salt conditions of the extracellular milieu could lead to extensive
aggregation, and for this reason proteins of all types are first folded in the cytoplasm and then
exported via the Tat pathway. However, the halophile Salinibacter ruber survives in high salt
conditions, yet this bacterium does not show such extreme dependence on the Tat pathway
(41). In any event, engagement of the Tat pathway by protein substrates is presumed to be
dictated by folding considerations, but whether this is due to slowly or rapidly folding rates or
the availability of appropriate chaperones is an open issue.

MECHANISTIC CONSIDERATIONS
The TatABC Proteins

TatC is the largest and most highly conserved Tat component. The E. coli TatC is a 258-amino-
acid polytopic membrane protein with six TM helices and both the N and C termini located on
the cytoplasmic side of the membrane (9,77) (Figure 2). The cytoplasmic side of TatC seems
to be particularly important for function. Several residues within cytoplasmic loops are
completely or functionally conserved across prokaryotes, chloroplasts, and plant mitochondria,
and site-directed mutagenesis of a number of these residues has revealed that they are important
or essential for TatC function (5,8,22). In vitro biochemical studies have revealed that TatC
serves as the initial docking site for Tat signal peptides. Signal peptides from bacteria and
chloroplasts interact with TatC either alone or in a complex with TatB (1,27,34). It is likely
that more than one TatC monomer is required for each targeting event, since two mutant
versions of TatC that alone blocked Tat-dependent transport support transport when expressed
together (22). The interaction between TatC and the signal peptide in vitro requires the twin-
arginine motif (1,27). Recently, it was shown that export-defective signal peptides, in which
the twin-arginine dipeptide had been substituted with twin lysines, could be rescued by
mutations in TatC, further underscoring its role in signal peptide docking (E. M. Strauch & G.
Georgiou, unpublished data).

The E. coli TatB protein consists of 171 amino acids, with an N-terminal TM helix followed
by a short hinge region leading to a predicted amphipathic helix that may lie along the
cytoplasmic side of the IM (35). The region of TatB following the amphipathic helix is
predicted to remain helical in nature to approximately residue 75, after which TatB is
considered largely unstructured (Figure 2). This latter region of TatB was shown through
truncation analysis to be nonessential for Tat transport. However, once TatB is truncated to the
amphipathic helix, activity is lost (79).

A number of conserved residues within TatB are important for transport activity. Site-directed
mutagenesis highlighted the importance of the hinge region between the TM and cytoplasmic
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amphipathic helices (57). Interestingly, the importance of the hinge region may be substrate
dependent (6,8). It has been suggested that the most critical parts of TatB for transport lie within
the cytoplasmic portions of the protein (79); mutations located in the TM domain have not yet
been shown to have an effect on transport (6,8,57; P. A. Lee, N. P. Greene, G. Buchanan, P.
J. Bond, G. Orriss, et al. unpublished data).

MBP: maltose binding protein

TatB was shown in vitro to contact the entire length of the signal peptide and also the mature
protein more than 20 residues past the signal peptide cleavage site (1). Such interactions were
seen only when TatC was present, suggesting that substrate targeting involves a series of
sequential interactions, with TatC forming the primary recognition site before the substrate is
transferred to TatB. In turn TatB could be considered a mediator between TatC and TatA,
contacting the substrate after initial recognition by TatC and then potentially involved in
transfer to a complex consisting mainly of the TatA protein prior to translocation (1,115).

TatB is essential for the transport of endogenous substrates in E. coli (116). Nonetheless, a
small but significant amount of transport of colicin V has been observed in a tatB deletion
strain, suggesting that TatB may not always be essential for transport (67). Recently, a low
level of Tat-dependent transport of maltose binding protein (MBP) was shown to occur when
tatA and tatC were expressed from a plasmid in a strain deleted for all known tat genes (16).
This construct did not support transport of the endogenous substrate TMAO reductase (TorA).
However, upon mutagenesis of the tatAC genes, mutants that allowed significant transport of
both MBP and TorA were isolated. Interestingly, all the mutations resulted in substitutions
with methionine, serine, or aspartate and fell only within the first six residues of the TatA
protein (16). The E. coli TatB contains a highly conserved aspartate in this region, and in some
TatB homologs that do not contain this aspartate there is either a serine or methionine residue
in the vicinity. Furthermore, the TatA protein from R. prowazekii, which has a Tat system that
consists of only TatA and TatC, has both a methionine and a serine at positions three and four,
respectively. These observations suggest that residues in this region are essential for at least
one of the functions of the TatB protein (when it is present). These residues are thought to lie
on the periplasmic side of the IM and thus are unlikely to play a role in substrate recognition
by TatB.

The TatA protein is the most abundant of the Tat components and is estimated to be present at
around 20 times more than TatB and TatC (71,115). As previously mentioned, the TatA protein
is predicted to have a structure similar to TatB, with an N-terminal TM domain followed by a
short hinge region leading to an amphipathic helical region (extending to around residue 43)

and an unstructured soluble C-terminal tail (Figure 2). TatA is shorter than TatB by 89 amino
acids and contains shorter cytoplasmic helical and soluble domains. TatA is thought to function
at a late stage in translocation and likely forms the major constituent of the Tat pore itself (1,
52,85).

The TM domain of TatA is critical for export and is important for interactions with TatB (8,
30,79). Upon removal of the TM domain TatA becomes soluble (35). There is some evidence
that the cytoplasmic parts of TatA may have functional interactions with the IM because TatA
assumes a helical nature that is observed only in the presence of membrane lipids (101). Both
the hinge region and the cytoplasmic helical region have functional significance. The majority
of the loss-of-function mutants isolated from a random library of tatA fall within these regions
(58). Mutation of Phe at position 39 near the end of the cytoplasmic helical region resulted in
a TatA protein that acts as a dominant-negative mutant, blocking transport even in the presence
of wild-type TatA (57,58).
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A dual topology of the E. coli TatA has been proposed on the basis of topological analysis with
fusions to the latter parts of TatA (53). Furthermore, TatA homologs in B. subtilis and H.
volcanii are present in a soluble cytoplasmic form (41,100). Thus, it is possible that during the
transport cycle the cytoplasmic portion of TatA may insert into the IM or even cross into the
periplasmic compartment.

The stoichiometry of the TatABC components is critical for export function. Overexpression
of tatB results in complete loss of Tat transport (116). The overexpression of tatA has a less
severe but nonetheless significant effect on translocation (116). In contrast, high expression of
TatC can relieve saturation of the Tat pathway caused by the high-level expression of
nonphysiological substrates such as GFP fusions (36). A general increase in the protein flux
through the Tat pathway is seen only when tatABC are overexpressed in an operon together
(2,115,134).

The Translocation Pore

Several lines of evidence suggest that TatB and TatC interact with a 1:1 stoichiometry to form
a functional complex. TatB and TatC from E. coli purify predominantly as a 350- to 600-kDa
membrane complex containing multiple copies of the two proteins in equimolar amounts
(19,34,90). In addition, a fusion protein consisting of the C terminus of TatB fused to the N
terminus of TatC supports Tat transport (19). Upon removal of the TM domain of TatB from
this TatBC fusion construct, Tat transport activity is lost but the formation of the complex is
not affected, although its interactions with TatA are weakened (82). Furthermore, TatC is
unstable in the absence of TatB (116), suggesting a role for TatB in stabilizing the TatBC
complex.

A second membrane complex of ~600 kDa containing TatA and TatB has also been purified
(18,34,115), and the two proteins can be coimmunoprecipitated (18). Chemical cross-linking
has revealed that TatB forms homodimers (35,57). Recent cysteine scanning and cross-linking
experiments with TatB have shown that TatB self-interactions are mediated through both the
TM domain and the early portion of the cytoplasmic amphipathic helix (P. A. Lee, N. P. Greene,
G. Buchanan, P. J. Bond, G. Orriss, et al., unpublished data). Cross-linked species containing
up to five TatB polypeptides were observed, suggesting that TatB may exist not only as dimers
but also in higher-order oligomers. TatA also forms at least homotetramers in the E. coli IM
(35,57,101). When expressed in the absence of TatBC, TatA forms multiple complexes ranging
in size from 100 to 600 kDa (34,35,89,101).

In E. coli, small amounts of a third Tat complex have been purified. This complex contained
TatA, TatB, and TatC but with a large molar excess of TatA (34). The ratio of the Tat proteins
in this complex more closely resembles that in the whole cell, as calculated from translational
fusions or quantitative Western blotting analysis (71,115).

The isolation of different Tat protein complexes, together with experimental evidence from
both the bacterial and cpTat pathways, has led to the idea of a modular and highly dynamic
system whereby the Tat proteins exist as separate complexes in the resting state and come
together to form a complete translocation pore upon substrate binding (1,85). Such a
mechanism is depicted in Figure 3. Complexes of varying sizes may form pores that match the
different sizes of folded Tat substrate proteins and thus minimize the space not occupied by
the translocated protein, in turn restricting the formation of water-filled regions that can serve
as conduits for ion leakage.

The first structural view of the Tat translocon was obtained by Sargent et al. (115) using
negative stain electron microscopy. Pore-like structures derived from a purified TatAB
complex that contains an approximate 20 times molar excess of TatA to TatB and no detectible
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TatC were observed. The external diameter of these structures was 155 to 160 A, with an
internal diameter of around 65A containing one to two density features, possibly forming a
gate to the pore. Single-particle electron microscopy was also used to obtain low-resolution
structures of TatABC complexes from three different bacteria expressed in E. coli. Similar
structures were observed for the TatABC proteins from the different species, indicating
structural conservation. These structures were suggested to be protein-lined pores or cavities
but were not large enough to be the translocation pore itself (90).

A higher-resolution three-dimensional image of a Tat complex was recently obtained using
random canonical tilt electron microscopy (Figure 4). A complex consisting almost entirely of
TatA forms pore-like structures of various sizes that appear gated or blocked on the cytoplasmic
side of the IM (52).

The above structural data provide support for the idea that the TatA protein forms the channel
through which substrates are translocated across the IM. However, to gain a clear understanding
of the structure and function of the Tat complexes that have been isolated, it is important to
obtain a structural image of the translocase in action with a signal peptide or substrate in close
contact with the Tat apparatus. This may be possible with a substrate that is blocked within the
pore during transport or with a mutant Tat component that would effectively block transport
at the substrate receptor level. A mutant recently constructed by Di Cola & Robinson (40),
which was targeted to the cpTat pathway but not completely translocated, may prove useful
for this purpose.

Energetics of Tat Translocation

Originally, the chloroplast cpTat pathway was termed the ApH pathway, since protein
translocation has no requirement for ATP as an energy source but instead relied solely on the
pmf (26). Similarly, transport of Tat substrates into E. coli inner membrane vesicles (IMVs)
has no requirement for ATP and translocation was blocked upon dissipation of the membrane
potential (2,134). Alder & Theg (3) calculated the energy use of Tat-dependent translocation
into isolated thylakoids and showed that on average 7.9 x 10% protons (equivalent to ~10,000
ATP molecules) were released from the gradient per protein translocated. For comparison, Sec-
dependent translocation is less energetically costly and has been estimated to require one ATP
molecule per 20 amino acy| residues of the substrate translocated (130). A reduction in Tat-
dependent transport was observed in the presence of D50 relative to H,O, suggesting that
proton transfer is involved at some stage, perhaps via a H+/protein counterflux principle (87).

The requirement for the pmf under physiological conditions was challenged by recent in vivo
data. Finazzi et al. (46) concluded that Tat translocation becomes pH sensitive only when
probed in vitro, possibly owing to the loss of some critical intracellular factors. Di Cola et al.
(39) examined cpTat translocation in vivo in tobacco protoplasts in the presence of
valinomycin, which dissipates the membrane potential, and/or nigericin, which dissipates both
the membrane potential and the ApH. The authors concluded that the initial stages of Tat
transport are not dependent on either component of the pmf but also pointed out that it is not
possible to conclude from these data whether or not the pmf is required at other points in the
translocation process. Further exploration of the energy requirements of Tat transport is
required, particularly of what factors lead to the discrepancies observed under the different
experimental conditions.

IMV: inner membrane vesicle

REMPs: redox enzyme maturation proteins
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Folding Quality Control

It is well established that the Tat pathway exports proteins that are folded prior to transport. It
is also apparent that unfolded proteins are not compatible with transport (38,110), implying
that somewhere between protein synthesis and export there must be steps in which some sort
of quality control is exerted on the folding state of the substrate. This is particularly important
for a number of Tat substrates that require cofactor insertion or oligomerization with partner
proteins in the cytoplasm prior to export.

Cytoplasmic chaperone-like proteins that function in the assembly of a number of cofactor and/
or multimeric Tat substrates prevent targeting to the translocase until assembly is complete.
The genes encoding these proteins are often found in the same operon as their corresponding
Tat substrate proteins. These types of chaperones have recently been termed redox enzyme
maturation proteins (REMPSs) (129). It is not clear whether all Tat-dependent redox proteins
have a corresponding REMP. However, homologs of the E. coli REMPs are found in many
bacteria (129). Expression of the apparently REMP-less Tat substrate PhsABC from S.
enterica LT2 in E. coli led to the production of active thiosulfate reductase (59). This finding
suggests that either a REMP is not required for the export of PhsABC or that E. coli REMPs
compensate for the lack of the native chaperone.

One well-studied group of REMPs is involved in the maturation of Tat substrates that are
transported as multimeric complexes with only one of the subunits bearing a Tat signal peptide.
For example, HyaE and HybE are chaperones required for the assembly of the hydrogenase
components HyaA-HyaB and HybO-HybC, respectively. Only HyaA and HybO contain a Tat
signal sequence, and therefore the respective dimers have to form in the cytoplasm prior to
export (106). HyaE interacts with the HyaA precursor but not with the mature form and does
not interact with HyaB (44). The HybE protein interacts with the precursor forms of both HybO
and HybC (prior to removal of its C-terminal extension) but not with the mature form of each
protein (44). HybE blocks the export of HybO without its hitchhiker partner HybC; without
HybE the chaperone-mediated quality control mechanism is lost and transport of HybO is
allowed prior to formation of the HybOC dimer (70).

Perhaps the most well-known E. coli REMPs are DmsD, required for the pre-export maturation
of DMSO reductase (DmsA) (103), and TorD, which is required for the efficient maturation
of TorA (98). DmsD and TorD belong to a family of structurally related chaperones that show
high specificity for their cognate molybdoenzyme substrates (65,70,103). TorD has been
purified in both monomeric and dimeric forms and crystallized as a dimer from Shewanella
massilia (127,128). HyaE, HybE, DmsD, and YcdY may also form similar dimeric structures
(44,113), suggesting that dimerization could be a general feature of E. coli REMPs.

DmsD was first identified owing to its ability to bind to the Tat signal peptide of DmsA (93).
DmsD also binds to TatB and TatC in the IM, indicating that it may have a direct role in Tat-
dependent transport (96). TorD binds the TorA signal peptide (70) and is required for the correct
insertion of the molybdopterin guanine dinucleotide cofactor into TorA (98). In addition, Jack
et al. (70) presented evidence that TorD can also function as a HyaE/HybE-type REMP.
Replacement of the signal peptide of HybO with that of TorA results in export and correct
localization of HybO without its partner protein HybC, which is found mislocalized in the
cytoplasm. Upon overexpression of torD the HybOC dimer is correctly localized and
hydrogenase activity is restored. In this case it is not clear whether TorD monitors the folding
and assembly of the substrate proteins, or alternatively, by binding to the TorA signal peptide,
whether it simply retards the export Kinetics sufficiently to allow the HybO-HybC complex to
form. Recently, it was also shown that TorD has an affinity for GTP, which is enhanced by
signal peptide binding. This observation led Sargent and coworkers (55) to propose that
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nucleotide binding and release might regulate the interaction between the signal peptide and
TorD.

DeL.isa et al. (38) showed that a number of disulfide bond-containing proteins could be
translocated via the Tat pathway only if oxidative protein folding and disulfide bond formation
could take place in the cytoplasm. A trxB gor mutant strain (14), which rendered the normally
reducing environment of the cytoplasm more oxidative, was employed for this study. Tat-
dependent export of alkaline phosphatase (PhoA), a homodimer containing two structural
disulfide bonds per polypeptide chain, was observed only in trxB gor mutants but not in the
parental strain where PhoA could not fold prior to export. The requirement for oxidation in the
cytoplasm for Tat export-competence was not dependent on the signal peptide fused to PhoA,
arguing against the involvement of Tat-specific chaperones. On the basis of these observations,
DeL.isa et al. (38) proposed that a proofreading mechanism that discriminates between folded
and unfolded proteins, allowing the export of only the former, must be an inherent property of
the Tat translocon. Similarly, cytochrome c is also compatible for Tat transport only if the heme
cofactor had been inserted, a process that occurs during folding in the cytoplasm (110).
Recently, Richter & Briiser (105) reported that reduced PhoA fused to a Tat signal peptide
binds to the TatBC complex resulting in a defect in the proton gradient, probably caused by
the attempt to transport unfolded PhoA. They proposed that the inability of the Tat translocon
to export unfolded substrates was not due to folding quality control but instead to “structural
incompatibility with the translocation mechanism.” However, this seems to be a semantic
distinction: The existence of a step in the translocation process that is incompatible with
features found in any unfolded polypeptide de facto constitutes a folding quality control
mechanism.

Recently, translocation reversal of two proteins targeted to the cpTat pathway was reported in
vivo. It was concluded that the proteins traversed the membrane far enough for signal peptide
cleavage to take place, but then they were somehow rejected by the translocase and returned
to the stroma (40). This suggests that even at a late stage the Tat pathway can somehow sense
and reject an incompatible substrate. The signal or mechanism for this rejection is not clear.
No significant cpTat-dependent retrograde transport has been reported for an endogenous
substrate protein in its natural setting and there is yet no evidence for a similar process in
bacteria or archaea. Also, the involvement of the translocase in this phenomenon has not been
demonstrated directly.

Other Proteins Involved in Tat Export

Reconstitution of the Tat pathway in vitro results in a low level of protein export. Even in IMVs
obtained from cells overexpressing the tatABC genes from a T7 promoter, export is only 20%
of the level seen in intact cells (2,134), suggesting the involvement of additional factors in the
Tat pathway. The data supporting the involvement of proteins other than TatABC and substrate-
specific chaperones in Tat export are limited. The phage shock protein PspA was isolated from
a genomic library as a protein that, when overproduced, relieves the saturation of the Tat
pathway caused by high substrate levels (36). PspA is involved in the maintenance of the
membrane integrity and/or pmf, suggesting an indirect role in Tat transport (31). In another
study, two uncharacterized peripheral membrane proteins were reported to cross-link to the
TorA signal peptide in IMVs (72).

ROLE IN PATHOGENESIS

Mutations in the tat genes have pleiotropic effects in E. coli including (a) filamentation and
changes in outer membrane permeability due to the mislocalization of AmiA and AmiC,
leading to the impairment of biofilm formation (68,121); (b) inability to use various electron
acceptors for growth under anaerobic conditions; and (c) defects in iron acquisition and copper
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homeostasis (68). Such growth defects would be expected to compromise the ability of
pathogenic bacteria to colonize their host organisms. Indeed, in the food-borne pathogen E.
coli0157:H7, the Tat system is indirectly important for virulence (102). Similarly, a tat deletion
strain of A. tumefaciens was unable to induce tumor formation in plant tissue (43).

The Tat pathway is specifically involved in the export of a variety of proteins that are directly
involved in virulence. In the opportunistic human pathogen Pseudomonas aeruginosa two
secreted virulence factors (both phospholipases) are mislocalized in tat mutants (131).
Phospholipases are involved in cleavage of phospholipids found in mammalian erythrocytes
(94). The two Pseudomonas enzymes were transported across the outer membrane by the type
Il secretion system (131), previously thought to be used only by proteins that use the Sec
pathway (25). The Tat pathway of P. aeruginosa is also involved in the transport of several
other virulence factors (91). Disruption of the Tat pathway abolishes virulence of pathogenic
pseudomonads including P. aeruginosa and the plant pathogens Pseudomonas syringae pv.
tomato DC3000 and pv. maculicola ES4326 (21,24,91).

Recently, attention has been focused on the Tat system of L. pneumophila, a water-borne
pathogen that is the causative agent of Legionnaires’ disease. Although the Tat pathway is
important for biofilm formation, replication within the host, growth under iron-limiting
conditions, and secretion of phospholipase C activity, no Tat substrate directly involved in
virulence of L. pneumophila has been identified so far (33,108). The Tat pathway is also thought
to be required for Helicobacter pylori and other gut bacteria to become established in their host
organism (92).

The Tat pathway is directly involved in antibiotic resistance mechanisms of mycobacteria.
Mycobacterium tuberculosis and Mycobacterium smegmatis tat mutants were unable to
transport active p-lactamases (83). In fact, tatC may be an essential gene for optimal growth
in these bacteria (83,117). Recently, using B-lactamase as a reporter for Tat transport,
McDonough et al. (83) demonstrated that the phospholipase C proteins (PIcA and PlcB),
important for the virulence of M. tuberculosis (83,104), are exported via the Tat pathway.

BIOTECHNOLOGICAL APPLICATIONS

The translocation of proteins from the bacterial cytoplasm is an important process in
biotechnology. Export into the bacterial periplasm or into the growth medium is employed in
preparative protein expression (51) and for protein engineering applications. Sec-dependent
signal peptides, e.g., OmpA, PhoA, PelB, have been widely used to direct the export of
biotechnologically relevant polypeptides. However, it has been known for 20 years that many
heterologous proteins, as well as some native bacterial cytoplasmic proteins, fail to be exported
when fused to Sec-dependent signal peptides partly because of folding considerations (88).
Other proteins are compatible with transport but once in the periplasm are subjected to
extensive degradation before they can reach their more stable, native conformation. Yet a
another group of proteins, exemplified by GFP (45), are unable to fold properly once exported
from the cytoplasm. Translocation of such proteins in a functional form might be achieved by
routing them through the Tat pathway.

Tinker et al. (126) used the Tat pathway for the export of GFP fused to the A subunit of cholera
toxin or the heat-labile toxins LT1 and LTIIb. Concomitant export of the respective B subunits
via the Sec apparatus resulted in the formation of active and fluorescent holotoxin fusions in
the periplasm. Other proteins of commercial interest have been translocated via the Tat pathway
in E. coli and in S. lividans (49,76).

For many exported proteins, folding is thermodynamically coupled to disulfide bond formation.
The export of disulfide-containing proteins via the Tat pathway can occur only in trxB gor
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mutants, discussed above, or in other strains that allow the formation of disulfide bonds in the
cytoplasm (38). Kim et al. (78) reported that a truncated form of tissue plasminogen activator
containing nine disulfide bonds fused to a Tat leader peptide and expressed in a trxB gor E.
colistrainresulted in a higher yield of active enzyme in the periplasm compared with a construct
containing a Sec signal peptide. While the above results are encouraging, it is not yet clear
whether Tat export can result in high yields of periplasmic protein, as desired for preparative
expression purposes. In E. coli, even native Tat substrate proteins saturate the export process
when overexpressed from strong promoters (36,68,134). Optimization of the growth conditions
or coexpression of REMPs, PspA, or the TatABC proteins partially alleviates the saturation of
the export apparatus (7,36,81). Still, protein yields for Tat-exported proteins are substantially
lower than those obtained via Sec export, which often exceed 1 g liter 1. Therefore, additional
fine tuning of cell physiology and fermentation conditions are required before Tat export can
be utilized for protein manufacturing.

The ability of the Tat pathway to export only folded polypeptides is of considerable importance
in protein engineering. Recently, a clever technique was developed for the selection of
polypeptides that fold into a stable and soluble conformation (47). The efficiency with which
Tat-exported B-lactamase chimeras localize in the periplasm, and thus confer ampicillin
resistance, depends on the folding characteristics of the fusion partner polypeptide. Growth on
increasing concentrations of ampicillin was employed to select for protein variants that
exhibited higher stability and were less prone to aggregation. Screening of a library of random
mutants of the Alzheimer's amyloid beta peptide (Ap42) led to the isolation of several clones
displaying greatly enhanced solubility (47). This method holds promise for the generation of
well-expressed and soluble mutants of recombinant proteins for biochemical characterization
and structural analysis studies.

Display on filamentous phage or on bacteria (48,61) is widely used for the screening of
combinatorial protein libraries. Both phage and bacterial display require translocation of the
polypeptide from the cytoplasm, and this is typically accomplished using a Sec signal peptide.
However, for the reasons discussed above, certain proteins cannot be exported via the Sec
pathway and therefore cannot be displayed. Even if a protein is compatible with Sec export,
mutant forms of the protein, such as those that arise during the construction of libraries by
random mutagenesis, may exhibit altered folding characteristics that might prevent their
display. The Tat pathway could be used to mediate the export and display of such proteins and
thus expand the diversity of sequences within the library.

Recombinant polypeptides are typically displayed on filamentous phage by fusing them to the
N terminus of the p3 phage protein, which is transported into the periplasmic space and resides
transiently in the IM before it is incorporated into the growing virion. For unknown reasons,
export of p3 with a Tat signal peptide results in low phage titers (D. Tullman-Ercek & G.
Georgiou, unpublished data). However, display without significant loss of infectivity is
achieved when a Tat-exported polypeptide is fused to half of a coiled-coil and coexpressed
with a Sec-exported p3 fused to the second half of the coiled-coil (97). In this manner, the two
polypeptides associate after they have been exported into the periplasm by different routes,
thus allowing efficient display. For bacterial display purposes, proteins can be translocated via
the Tat pathway and then be tethered to the IM, for example, by fusion to the C-terminal tail
of HybO (56). Such periplasmically anchored polypeptides can be screened for binding to
fluorescently labeled ligands using the anchored periplasmic expression (APEX) approach
(54). For APEX, proteins tethered to the IM are made accessible to fluorescent ligands by
making spheroplasts, which can then be analyzed by flow cytometry.

SUMMARY POINTS
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1. The Tat pathway transports a wide variety of prefolded proteins across bacterial
and plant chloroplast membranes.
2. The Tat pathway is required for virulence of some bacteria.

3. The transport mechanism involves high-molecular-weight complexes formed by
the TatABC proteins that comprise the translocon.

4. No detailed model of the transport process has emerged so far.
5. The exact energy requirements of the system are somewhat controversial.

6. The Tat pathway holds promise for biotechnology applications particularly in
protein expression and engineering.
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Figure 1.

Features of a typical Tat leader peptide, ssTorA, from E. coli. The n-region is shown in pink,
the h-region in blue, and the c-region in yellow. The consensus Tat motif is boxed. The vertical
dashed line indicates the site of cleavage by signal peptidase I. Charged residues in the c-region
and mature proteins are marked.
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Figure 2.

The predicted structure and topology of the E. coli Tat components. Predicted helical regions
are shown as boxes.
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Model of Tat targeting and transport. In the membrane TatA is depicted in red, TatB in blue,
and TatC in yellow. (a) Upon emerging from the ribosome the preprotein must avoid targeting
to other pathways such as Sec, which is aided by the characteristics of the signal peptide and
mature protein (29; D. Tullman-Ercek, M. P. DeL.isa, Y. Kawarasaki, P. Iranpour, B. Ribnicky,
et al., unpublished data) and/or the binding of Tat-specific chaperones (red circles) (70,129).
(b) After folding, any cofactors and/or additional subunits are added prior to targeting to the
TatBC receptor complex (c) (1,27,34). (d) The proton motive force drives the formation of an
active translocase and the substrate is transported through a pore consisting mainly of TatA
(1,52,85). (e) Upon removal of the signal peptide the mature protein is released on the
periplasmic side of the membrane.
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Figure 4.

Three-dimensional density maps of TatA complexes. (a) TatA complexes viewed from the
closed end of the channel proposed to be at the cytoplasmic side of the membrane (C-face).
(b) TatA complexes viewed from the open end of the channel proposed to be at the periplasmic
side of the membrane (P-face). (c) Side views of TatA. The front half of each molecule has
been cut away to reveal internal features. (d) Views of TatA parallel to the membrane plane.
The proposed position of the lipid bilayer is indicated in blue. (Scale bar, 100 A.) Reproduced
with permission from Reference 52 © 1993-2005 by The National Academy of Sciences of
the United States of America, all rights reserved.
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