Signal peptides

Short, cleavable peptides that
are usually found at the amino
termini of proteins and direct
their transport.
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The twin-arginine translocation (Tat)
protein export pathway

Tracy Palmer' and Ben C. Berks?

Bacterial and archaeal proteins that are located outside
the cytoplasm are normally synthesized with amino-
terminal signal peptides that target them to either the Sec
or the Tat (twin-arginine translocation) protein export
pathway. The key functional difference between these
two export systems is that the Sec apparatus translo-
cates polypeptides in an unstructured state, whereas
the Tat pathway transports proteins that have already
folded. The Sec pathway is universally conserved, essen-
tial and normally the main route of protein export. The
Tat pathway, by contrast, is found in some, but not all,
bacteria and archaea and has been identified as essen-
tial (at least, under standard laboratory conditions) in
only a few organisms, including the human pathogen
Mycobacterium tuberculosis', some haloarchaea®?, the
symbiotic nitrogen-fixing bacterium Sinorhizobium
meliloti* and the predatory bacterium Bdellovibrio
bacteriovorus®. The Tat system is evolutionarily con-
served in plant thylakoids and certain mitochondria (see
BOX 1 for details). The Tat pathway normally transports
fewer substrates than the Sec system?®, but nevertheless
has key roles in many cellular processes, including respir-
atory and photosynthetic energy metabolism, iron and
phosphate acquisition”", cell division'?, cell motility'**,
quorum sensing'’, organophosphate metabolism'e,
resistance to heavy metals” and antimicrobial peptides’’,
and symbiotic nitrogen fixation'®'. Importantly, in ani-
mal and plant pathogens the Tat pathway has been found
to be required for virulence in almost all examples tested
(reviewed in REF. 20).

Proteins are targeted to the Tat machinery by signal
peptides that contain a conserved twin-arginine motif
(BOX 2). Transport is carried out by integral membrane

Abstract | The twin-arginine translocation (Tat) protein export system is present in the
cytoplasmic membranes of most bacteria and archaea and has the highly unusual property
of transporting fully folded proteins. The system must therefore provide a transmembrane
pathway that is large enough to allow the passage of structured macromolecular substrates
of different sizes but that maintains the impermeability of the membrane to ions. In the
Gram-negative bacterium Escherichia coli, this complex task can be achieved by using only
three small membrane proteins: TatA, TatB and TatC. In this Review, we summarize recent
advances in our understanding of how this remarkable machine operates.

proteins from the TatA and TatC families. In some
organisms, single TatA and TatC components are
sufficient to mediate transport through the Tat path-
way. However, in other cases, Tat-mediated transport
involves a further member of the TatA family termed
TatB. In these organisms, both TatA and TatB are essen-
tial for transport throught the Tat pathway, showing
that these two homologous proteins have non-identical
functions®»*. However, trace Tat-mediated transport
can be detected in the absence of TatB with sensitive
genetic reporters?*?*, TatAB pairs have apparently arisen
from a common ancestor multiple times in evolution,
suggesting that there are limited structural differences
between TatA and TatB*?*. Indeed, single amino acid
substitutions are enough to convert E. coli TatA into a
protein that can sustain both TatA and TatB function®.
Moreover, TatA from Bacillus subtilis, an organism that
does not possess TatB, is able to substitute for either
TatA or TatB in E. coli?’. In light of these observations,
we refer to the TatA of TatAC systems as dual-function
TatA, to indicate that it fulfils the roles of both TatA
and TatB in the TatABC systems. TABLE 1 summarizes
the distribution of TatABC and TatAC systems in rep-
resentative organisms. In general, TatAC systems are
found in Gram-positive bacteria with low-GC-content
genomes (including B. subtilis) and in archaea, whereas
TatABC systems are present in Gram-negative bacteria
(including E. coli,), in Gram-positive bacteria with high-
GC-content genomes (such as members of the phylum
Actinobacteria) and in plant chloroplasts. Many organ-
isms have multiple copies of Tat components. These
extra Tat components can be functional duplications
of TatA (for example, E. coli TatE*), additional Tat
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Box 1 | Tat-mediated translocation in eukaryotic systems

The twin-arginine translocation (Tat) pathway is not unique to bacteria and archaea,
but can also be found in some eukaryotes. The full Tat pathway found in the
cyanobacterial ancestors of eukaryote chloroplasts has been conserved in the thylakoid
membrane of plant and algal chloroplasts'?. The thylakoid Tat system is required for
the assembly of photosystem Il and of the cytochrome b, f complex, so a functional

Tat system is essential for photosynthesis®. Substrates of the thylakoid Tat pathway
(formerly termed the ApH-dependent pathway) are encoded in the nucleus, so are
initially transported into the chloroplast stroma before they are imported by the Tat
apparatus into the thylakoid lumen. A homologue of the TatC component from the
bacterial and archaeal Tat pathway is encoded in the mitochondrial genomes of plants
and many protists®. It has been speculated that the mitochondrial TatC protein is
involved in assembly of the Rieske iron-sulphur protein subunit of the cytochrome bc,
complex!?® because this protein is a Tat substrate in bacteria*. The Tat pathway is
absent from fungal mitochondria and among animal mitochondria is found only in the
aspiculate homoscleromorph sponges'?’. A protein that might substitute for the Tat
pathway in transporting the yeast Rieske protein has recently been identified'?.

Halophilic
Living in a high-ionic-strength
(salty) environment.

Cu, copper—sulphur cluster
The catalytic [4Cu—2S] cluster
that is found at the active site
of nitrous oxide reductase.

Metalloproteins

Protein that bind one or more
metal ions either directly or
as part of a more complex
cofactor.

pathways that are expressed under specific environ-
mental conditions (for example, phosphate starvation-
induced TatAdCd in B. subtilis*®) or TatC homologues of
unknown function (for example, Archaeoglobus fulgidus
TatC2).

In this Review, we outline our current understanding
of substrate selection and the mechanism of transport by
the Tat pathway.

Rationale for use of the Tat pathway

Why does a bacterium need to transport certain pro-
teins in a folded state using the Tat apparatus when most
proteins can be transported in an unfolded conforma-
tion by the Sec pathway? There is no single answer to
this question, and for many Tat substrates it is not clear
why they are targeted to this system. However, three
main reasons for use of the Tat pathway have been
definitively established experimentally: the need for the
insertion of complex cofactors, the avoidance of metal
ions that compete for insertion into the active site of the
proteins, and transport as a hetero-oligomeric complex
(FIG. 1). Other possible general rationales for the use of
the Tat pathway are a requirement for cytoplasmic fac-
tors for protein folding or maturation, and difficulties in
keeping the protein unfolded before post-translational
transport. It has been proposed that the reason why
halophilic archaea route most of their secretion through
the Tat system is either that they have problems folding
proteins in the high extracellular salt concentrations
of their environments in the absence of chaperones®
or, conversely, that the high internal salt concentra-
tions promote cytoplasmic folding and aggregation of
unfolded proteins®**'.

Many exported proteins containing non-covalently
bound cofactors use the Tat pathway because the protein
has to fold around the cofactor. Cofactor insertion before
transport sidesteps the requirement for additional mech-
anisms to export the cofactor and to catalyse its insertion
into the protein in the periplasm®. It should be stressed
that only proteins containing certain types of cofactor
use the Tat pathway™, and these cofactors can be broadly
classified as metal-sulphur clusters or nucleotide-based

cofactors (FIG. 1a). The Cu, copper—sulphur cluster* found
in nitrous oxide reductases is associated with the Tat
pathway but is an interesting anomaly, as there is now
good evidence that this metal cluster is inserted in the
periplasm™. Proteins containing cofactor types that are
not associated with the Tat pathway (for example, haem)
are instead transported by the Sec pathway and receive
their cofactors in the periplasm.

As a general rule, Tat-associated cofactors are found
in both periplasmic and cytoplasmic proteins, whereas
Sec-dependent cofactors are found only in periplasmic
proteins. This suggests that the Tat pathway is used
when cytoplasmic mechanisms of cofactor assembly
and insertion are already available®. A few periplasmic
proteins are known to bind both Tat-associated cofac-
tors and Sec-associated cofactors, and in these cases the
protein is transported by the Sec pathway. Examples are
single-polypeptide c-type haem- and flavin-binding
flavocytochromes ¢* and the c-type haem- and Cu,
copper—sulphur cluster-containing nitrous oxide
reductase of Wolinella succinogenes™.

Metal ions compete for binding sites in proteins,
so cells need mechanisms to ensure that only the
required metal ion is inserted. Analysis of the bio-
genesis of MncA, a periplasmic Mn?*-binding protein
in Synechocystis sp. PCC 6803, shows that Tat targeting
can be used to control this process”’. Compared with
other transition metal divalent cations, the Mn?** ion has
a considerably weaker affinity for ligands, but by using
the Tat system, MncA can fold and bind its Mn** cofactor
in the cytoplasm, where competing metal ions are kept
at low levels (FIG. 1b). The same bacterium possesses a
close homologue of MncA that binds Cu?* rather than
Mn?*. This homologue is targeted to the Sec pathway
rather than the Tat pathway, as expected if it is metal
ion selection, and not the protein fold, that determines
which export pathway is used.

Is control of metal ion incorporation likely to be a
common feature of Tat-targeted metalloproteins? For
enzymes that bind metal ions at a substrate-accessible
active site, we think that this is unlikely, because the ion-
binding site would be exposed to other metal ions in
the periplasm, and these could displace the bound ion
if it were less strongly binding than the periplasmic
ions. Conversely, the mechanism may be important
for buried electron transfer centres, which are inacces-
sible to competing ions when the protein is folded but
vulnerable during folding. For example, proteins with
iron-sulphur clusters may be Tat targeted because cyto-
plasmic insertion protects the cluster from incorporat-
ing competing metal ions, such as Co** or Cu*', during
assembly*"*,

The Tat pathway translocates a number of hetero-
oligomeric complexes in which only one of the sub-
units possesses a Tat-targeting signal peptide and the
other subunits are carried in a ‘piggy-back’ manner.
For such complexes, the partner subunits can recog-
nize each other and form a complex only when they
are folded. A good example is provided by the protein
complex SoxYZ, which has no cofactor and is involved
in thiosulphate oxidation (FIC. 1¢). Only SoxY has a
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Box 2 | Tat signal peptides

Proteins that are targeted to the Sec and twin-arginine translocation (Tat) machineries have amino-terminal signal
peptides that have a similar overall architecture and are normally cleaved by an externally facing signal peptidase*®®1*7.
Signal peptides have a tripartite structure with a basic n region at the N terminus, a hydrophobic h region in the middle and
a polar c region at the carboxyl terminus (see the figure for examples of the Tat signal peptides of various Escherichia coli
proteins, dimethyl sulphoxide reductase (DmsA) of Shewanella oneidensis and SCO3483 of Streptomyces coelicolor, and
the Sec signal peptides of various E. coli proteins and lipoproteins). The c region generally contains a signal peptidase
recognition site for either a type | or a type |l signal peptidase. Type Il signal peptidase, also known as lipoprotein signal
peptidase, has a consensus recognition sequence that is typically L ,(A/S/T) ,(G/A) , along with an absolutely conserved
cysteine at the +1 position of the mature protein; this cysteine is lipidated prior to cleavage. Despite the Sec- and
Tat-targeting signal peptides being superficially similar, there are key differences that are crucial for targeting to the
correct export pathway and, in some cases, for avoiding mistargeting to the incorrect machinery. Tat signal peptides
contain a highly conserved twin-arginine motif, defined as SRRXFLK, in which the consecutive arginines are almost always
invariant; the other motif residues occur with a frequency of >50%, and the amino acid at the X position is usually, but not
always, polar®2#12%, Numerous studies have shown that the twin arginines have a crucial role in Tat signal peptide function,
whereas mutation of the other conserved residues generally results in a less notable or even undetectable protein
transport defect (reviewed recently in REF. 40). However, the presence of a twin-arginine motif in a signal peptide does
not in itself prevent interaction with the Sec pathway — indeed, some Sec-targeting sequences also have twin arginines in
their n regions (as shown in p-alanyl-D-alanine carboxypeptidase (DacD), see the figure) —and it is other features of the
Tat signal peptide and/or the passenger domain of Tat substrates that confer Sec incompatibility.

The hydrophobicity of Tat signal peptide h regions is usually less than that of Sec-targeting sequences**’, and this is a
major distinguishing feature for these two peptides. Increasing the hydrophobicity of the Tat signal peptide h region
reroutes passenger proteins to the Sec pathway (for example, see REF. 130). In addition, the c regions of some Tat signal
peptides contain basic residues, which are seldom found in the c region of Sec signal peptides. Although the presence of
a basic amino acid in the c region is not a requirement for recognition by the Tat machinery, it has been shown to prevent
engagement of the signal peptide with the Sec machinery***'32, Several bioinformatics programs can be used to predict Tat
signal peptides®3%133:134,

One of the most unusual aspects of the Tat pathway is that it is also capable of transporting proteins that lack any sort of
targeting sequence?’. This is achieved because such proteins form complexes with partner subunits that have N-terminal
twin-arginine signal peptides, a phenomenon termed hitch-hiking'*. A good example of this is the large subunit of
exported hydrogenase enzymes. These lack signal peptides but are transported to the periplasmic side of the membrane
because they bind tightly to
their small-subunit partner
proteins (for example,

Signal peptide
cleavage site

n region h region c region l hydrogenase 1 small subunit
Tat si%nal SRRXFLK ‘ (+)AXA ‘ ‘ (HyaA); see the figure), which
peptide carry Tat signal peptides®*>*¢,
Sufl MSLSRROFIQASGIALCAGAV-———— PLKASA In the figure, residues that
TorA MNNNDLFQASRRRFLAQLGGLTVAGMLG———-—— PSLLTPRRATA hthe T
HyaA MNNEETFYQAMRRQGVTRRSFLKYCSLAATSLGLGAGMAPKIAWA match the lat consensus are

shown in red, with the twin
arginines underlined. A *+’
indicates a basic region.

Sec signal peptide ‘ AXA

OmpA G0N AT L N O Signal peptidase recognition
MalE MKIKTGARILALSALTTMMFSASALA inth "
DacD MKRRLIIAASLFVFNL--SSGFA sequencesin the c regions

are underlined. Lpp, major
‘ outer-membrane lipoprotein;
MalE, maltose-binding
periplasmic protein; OmpA,
outer-membrane protein A;
‘ Pal, peptidoglycan-associated
lipoprotein; TorA, trimethyl-
amine-N-oxide reductase.

SRRXFLK

MERRSFLKMSAAMGCAAT-VTG
MTKPVVPSGVSRRGFLGGSLGVAGAVLLAA

MQLNKVLKGLMIALPVMA--IAA
MKATKLVLGAVILGSTLLAG

Tat lipoprotein L(A/S/T)(G/A) ‘ (Car

DmsA
SCO3484

Sec lipoprotein

Pal
Lpp

Lvsmiemc,,

Tat-targeting signal peptide, so SoxZ must be exported
in complex with SoxY. Certain bacterial genomes
encode close homologues of SoxYZ in which the two
polypeptides are fused to form a single polypeptide.
Remarkably, these fused SoxYZ proteins always pos-
sess a Sec-targeting rather than a Tat-targeting signal
peptide. As the two-subunit SoxYZ complexes and
the fused SoxYZ should have similar structures®, it is
unlikely that the individual SoxY and SoxZ subunits are
inherently incompatible with the Sec apparatus. Thus,

use of the Tat pathway by the two-subunit complex can
be linked directly to the requirement to co-translocate
two polypeptides chains.

Tat substrates

The number of proteins that are exported using the Tat
system varies widely in different organisms (TABLE 1).
Gram-positive Firmicutes members such as B. subti-
lis and Staphylococcus aureus have few predicted Tat
substrates®. By contrast, enteric bacteria have about
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Table 1| Occurence of Tat components and substrates in selected organisms

Organism
Gram-negative bacteria
Escherichia coli

Salmonella enterica
Bdellovibrio bacteriovorus*
Sinorhizobium meliloti*
Myxococcus xanthus
Campylobacter jejuni
Rickettsia prowazekii
Gram-positive bacteria
Bacillus subtilis
Staphylococcus aureus
Streptomyces coelicolor
Streptomyces scabies
Mycobacterium tuberculosis*
Archaea

Haloferax volcanii*
Halobacterium salinarum*

Archaeoglobus fulgidus

Sulfolobus solfataricus

Tat components present

2 x TatA (TatA, TatE); 1 x TatB; 1 x TatC

2 x TatA (TatA, TatE); 1 x TatB; 1x TatC

2 x TatA (TatA1l, TatA2); 1 x TatB; 1 x TatC
1x TatA; 1x TatB; 1x TatC

1x TatA; 1x TatB; 1x TatC

1x TatA; 1x TatB; 1x TatC

1x TatA; 1x TatC

3 x TatA (TatAd, TatAy, TatAc); 2x TatC (TatCd, TatCy)
1x TatA; 1x TatC

2 x TatA (TatA1l, TatA2); 1 x TatB; 1 x TatC

1x TatA; 1x TatB; 1x TatC

1x TatA; 1x TatB; 1x TatC

2 x TatA (TatAo, TatAt); 2 x TatC (TatCo, TatCt)*
1x TatA; 2x TatC (TatC1, TatC2)*

2 x TatA (TatA1, TatA2); 2 x TatC (TatC1, TatC2)
3 x TatA (TatA1, TatA2, TatA3); 2 x TatC (TatC1, TatC2)

Genetic organization  Predicted substrate

of Tat components number Refs
tatABC; tatE 27 40
tatABC; tatE 29 40
tatBC; tatA1; tatA2 21 5
tatABC 94 6,18
tatBC; tatA 43 145
tatBC; tatA 15 146
tatA; tatC 1 6
tatAdCd; tatAyCy; tatAc ~ 5-7 6
tatAC 1 147
tatA1C; tatB; tatA2 145-189 6,42,133
tatAC; tatB 126 41
tatAC;. tatB 31 6
tatCo tatCt (divergently 68 6
transcribed); tatAo; tatAt

tatC1 tatC2 (divergently 60 2
transcribed); tatA

tatA1; tatA2; tatC1; tatC2 9 6
tatA1A2C1; tatA3; tatC2 5 6

Tat, twin-arginine translocation. *The Tat machinery is essential in these organisms'™. *One of the two TatC proteins encoded by these organisms is much longer
and contains two distinct TatC domains, probably arising as the result of a gene duplication event.

20-30 substrates (reviewed in REF. 40). The biggest
users of the Tat pathway, in terms of substrate numbers,
are species of the Gram-positive genus Streptomyces.

because Tat substrates are exported post-translationally
and so aggregation of the hydrophobic transmembrane
helix must be prevented in the cytoplasm.

In Streptomyces coelicolor and Streptomyces scabies,

there are many more than 100 predicted or experimen-
tally verified substrates (up to one-sixth of the total
secretome)*"*2. Some halophilic archaea seem to use the
Tat pathway for 50% or more of their protein traffic. For
example, more than 40% of the predicted secreted pro-
teins of Haloferax volcanii are candidate Tat substrates, as
are more than 55% of the secreted proteins of Natrialba

magadii®**.

Signal anchor
A non-cleaved signal sequence.

The Tat pathway is unexpectedly versatile with
regard to the types of proteins that it can export. It has
recently been shown that lipoproteins can be substrates
of the Tat pathway**. Lipoproteins differ from other
exported proteins, having type II signal peptides that
are cleaved by lipoprotein signal peptidase adjacent to
a lipidated cysteine residue (BOX 2). The Tat pathway
can also assemble some membrane-bound proteins.
These may be N-terminally anchored proteins in which
the uncleaved twin-arginine signal sequence acts as a
transmembrane signal anchor — the Rieske iron-sulphur
protein, for example**-*2. They can also be anchored by
a single transmembrane carboxyl helix — for exam-
ple, the small subunits of bacterial respiratory formate
dehydrogenases and uptake hydrogenases®*". Such tail-
anchored proteins are difficult for the cell to assemble

Tat structure and translocation cycle

The key mechanistic feature of the Tat system is that it
can transport folded proteins across an ionically tight
membrane. This task is so difficult that only one other
protein transport system has been found to exhibit this
capability with a structurally diverse set of substrate
proteins (namely, the peroxisomal import pathway™).
Other protein transport systems that are found in sealed
cellular membranes translocate only unstructured sub-
strate proteins. To understand why transport of folded
proteins is so challenging, we need to recognize that any
transport apparatus in a sealed membrane must main-
tain the permeability barrier to small molecules and
ions both during the transport process and when not in
use. In the case of an unfolded substrate, the transporter
needs to provide a pathway that is the same width as
a polypeptide chain (that is, about 12 A in diameter).
In the Sec translocase, this pathway is provided by an
aqueous channel passing through the middle of a sin-
gle transporter protein and can be opened and closed
by simple movements of the helices®. By contrast, the
E. coli Tat system is able to transport substrates of up
to 70 A in diameter®”. It is difficult to envisage how a
transmembrane pathway of this size could be opened
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Figure 1| Physiological rationales for transporting proteins in a folded state using the Tat system. Three reasons
that proteins use the twin-arginine translocation (Tat) pathway have been definitively identified. The fate of the signal
peptide following cleavage is uncertain, so this peptide is arbitrarily shown as being released into the periplasmic
compartment. a| Tat targeting allows proteins to acquire their cofactor before transport across the cytoplasmic membrane.
The example shown is insertion of a molybdopterin cofactor into trimethylamine-N-oxide reductase. Only certain
cofactors are associated with Tat-mediated transport. These can be broadly divided into metal-sulphur clusters

and cofactors containing a nucleotide moiety. b | Metalions compete for binding sites in proteins. Use of the Tat system
allows a protein to obtain metal ions under controlled conditions in the cytoplasm. The example shown is the Mn**-binding
periplasmic protein MncA from the cyanobacterium Synechocystis sp. PCC 6803; MncA picks up its Mn** cofactors in the
protected cytoplasmic environment to avoid competing ions that are present in the periplasm®’. ¢ | The Tat pathway allows
hetero-oligomeric complexes to form in the cytoplasm and then be transported by a signal peptide in just one of the
constituent subunits. The example shown here is the SoxYZ complex, which is involved in thiosulphate oxidation®*.

and closed by conformational changes in a transporter
protein. An additional complication is that the Tat sys-
tem must transport proteins with a range of diameters
(between 20 and 70 A in E. coli and as small as a single
protein strand in engineered systems®’?). A pathway
that is large enough to accommodate the larger sub-
strates would be too big to seal tightly around smaller
substrates. Unfolded substrates, by contrast, have an
approximately constant cross-sectional area, allowing a
single-size channel to fit tightly around any substrate.
The Tat mechanism is therefore likely to be distinct
from those of other protein transporters. Indeed, the Tat
components have no detectable similarity to other
proteins.

Tat is an active transport system that is energized
by the transmembrane proton motive force (PMF)®¢!
(or possibly by the sodium motive force in some organ-
isms®). It has been estimated that each protein translo-
cated by the Tat system requires the removal of around

10° protons from the proton gradient®, the equivalent
to the energy that is stored in approximately 10* mol-
ecules of ATP. This is of the same order of magnitude as
estimates of the energetic cost of Sec transport® but is a
huge cost in comparison with small-molecule transport.
It is possible that the bulk of this ion movement results
from imperfect sealing of the membrane during trans-
port rather than mechanical work involved in protein
transport.

Our current understanding of the Tat translocation
cycle is based on experiments that were carried out
using either inner-membrane vesicles of E. coli or iso-
lated pea thylakoids. It is assumed that the mechanism
of Tat transport is conserved between these two systems.
However, it remains possible that the pathways differ in
some details, particularly as the split of TatA and TatB
functions from a common ancestor with both functions
seems to have occurred independently in the two lin-
eages®. We also note that plant TatC has an N-terminal
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Periplasm

Cytoplasm

Substrate

stromal domain of unknown function that is not found
in E. coli TatC®%. A consensus model for Tat-mediated
transport, as derived from these studies, is summarized
in FIG. 2.

E. coli and plant chloroplasts both use three-
component TatABC systems. In these systems, TatB and
TatC form an integral membrane complex containing
an estimated 6-8 copies of each protein®”®. The TatB
and TatC components probably form distinct substruc-
tures in the complex®-"', with the TatC component con-
structed from TatC dimer units**’>”* and TatB forming
tetrameric units®. TatB contains one, and TatC six, trans-
membrane helices’ 7. Low-resolution structures of the
E. coli TatBC complex have been obtained by electron
microscopy®® and are shown in FIC. 3C.

The transport cycle is initiated by substrates bind-
ing to the TatBC complex via their signal peptides” .
Some substrate proteins can interact with the phospho-
lipid surface of the membrane and may find the TatBC
complex most efficiently by two-dimensional diffusion
on the membrane surface’*. Some reports have also
indicated that proofreading chaperones could be involved
in substrate targeting to the TatBC complex®"** (BOX 3).

When a substrate protein binds to the TatBC com-
plex, the signal peptide twin-arginine motif is positioned
close to TatC, whereas the hydrophobic h region of the
signal peptide and the folded passenger domain are
in the vicinity of TatB*-*. It is likely that TatC forms
a specific binding site for the twin-arginine motif, as it

Binding of substrate
to TatBC, and TatA

polymerization

Signal peptide
binding

RR

Signal peptide

Passenger domain
crossing the
membrane via TatA

is this motif that mediates the selectivity of binding to
the TatBC complex”. Indeed, tatC mutants have been
isolated that switch the specificity to a twin-lysine-
containing motif®. Crosslinking data suggest that the
signal peptide-binding site of TatC is centred around
the cytoplasmic N-terminal tail and the first cytoplasmic
loop of the protein®. For TatB, it is less clear whether
proximity to the substrate reflects binding interactions.
A model has been proposed whereby multiple TatB mol-
ecules envelop the substrate molecule®. Such an inter-
action would be expected to strengthen binding of the
substrate to TatBC, but the limited data available suggest
that the passenger domain has no effect on these binding
interactions’.

Physiological plant substrates show only weak
binding to TatBC in de-energized thylakoids, so many
interaction studies have relied on the use of more
strongly interacting engineered substrates’. For some
of these substrates, binding is moderate in strength,
predominantly electrostatic in nature and leaves the
signal peptide accessible at the face of the membrane.
For others, binding is close to irreversible, with the
signal peptide becoming deeply buried in the TatBC
complex. Importantly, in the presence of a PME, all
types of substrate seem to be (reversibly) bound in the
deep-insertion mode, suggesting that under physio-
logical conditions the PMF drives the conversion of an
initial weak TatBC-signal peptide complex into a more
strongly bound arrangement.

Signal peptide
cleavage and TatA
depolymerization

Signal peptidase

Figure 2 | Model for the Tat translocation cycle in E. coli and plant chloroplasts. The experimental evidence
underlying this model for the twin-arginine translocation (Tat) pathway is outlined in the main text. At the start of the

cycle, TatB and TatC associate as a complex, whereas TatA is present as dispersed protomers. The TatBC complex contains
multiple copies of each protein, but only single copies are depicted, for clarity. The number of subunits in a TatA protomer
is uncertain. Step 1: to initiate substrate translocation, the TatBC complex binds the signal peptide of a substrate protein
in an energy-independent step; the twin-arginine (RR) consensus motif in the signal peptide is specifically recognized by a
site in TatC . The remainder of the signal peptide and the substrate passenger domain are close to TatB. Step 2: in the plant
thylakoid Tat system, the proton-motive force (PMF) causes the substrate signal peptide to become more tightly bound to
the TatBC complex and less accessible from the cytoplasm. However, the amino-terminus of the signal peptide remains

at the cytoplasmic side of the membrane. Some evidence suggests a potentially analogous, but PMF-independent,
tightening of TatBC—substrate interactions in the Escherichia coli Tat system. TatA protomers are recruited to the TatBC
complex and polymerized in a step that depends on the PMF. The resulting TatABC complex is the active translocation site.
At this stage, the signal peptide is in contact with all three Tat components®. Step 3: the passenger domain of the
substrate protein crosses the membrane via the polymerized TatA component, and the signal peptide remains bound to
the TatBC complex. It is not known whether this step requires energization by the PMF. Step 4: when the passenger
domain has reached the far side of the membrane, the signal peptide is normally proteolytically removed by a signal
peptidase at the periplasmic face of the membrane, and TatA dissociates from TatBC and depolymerizes back to free
protomers. The fate of the signal peptide following transport is uncertain, so this peptide is arbitarily shown as being
released into the periplasmic compartment.
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Figure 3 | Structural and organizational features of Tat transporter components. A |Structure of a monomer of the
Bacillus subtilis twin-arginine translocation (Tat) pathway protein TatAd in micelles of the detergent dodecyl-phosphocho-
line (DPC)”. The structure was determined by solution NMR methods and is depicted in a ribbon backbone representation.
The transmembrane helix (TMH), amphipathic helix (APH), hinge region and protein amino and carboxyl termini are
indicated. The 22 amino acid C-terminal tail of the protein is unstructured and represented as a dotted line. B | Possible
orientation of the B. subtilis TatAd monomer (excluding the unstructured C-terminal tail and shown in space-filling
representation) in the cellmembrane. Polar amino acids are red (acidic), blue (basic) or yellow (neutral). The bilayer is
represented to scale: polar head groups are 10 A wide each side of the membrane and lipid tails are 30 A wide along the
membrane normal. The position of TatAd is suggested on the basis of TatAd surface polarity. Note that a solid-state NMR
study of the same protein in bicelles containing short-chain phospholipids suggests that the TMH is tilted 13° from the
membrane normal and that the APH is inclined 26° out of the membrane plane!®. C | Low-resolution structures of
Escherichia coli Tat complexes in detergent solution, as determined by single-particle negative-stain electron
microscopy®®**2, Surface representations of TatA complexes, the TatBC complex, and TatBC in complex with one copy of
the substrate molecule Sufl (also known as FtsP) are shown to scale. The upper panel shows four size classes of TatA
complexes. The third panel shows the inferred position of the complexes in the membrane bilayer. For comparative
purposes, high-resolution structures of the B. subtilis TatAd monomer (coloured as in part a) and E. coli Sufl are shown in
ribbon backbone representations. The orientations shown are proposed to correspond to the orientation of these
molecules in the adjacent electron microscopy structures. D | Stoichiometry of the TatA complex, as determined by direct
visualization of TatA-YFP (yellow fluorescent protein) fusions expressed at native levels in living E. coli cells® (movies are
available in REF. 93). The TatA-YFP fusion was expressed in the presence (part Da) or absence (part Db) of TatBC. Note that
the cells in part Db show a chaining phenotype that is due to the mislocalization of Tat-dependent periplasmic amidases'*.
The graph (part Dc) shows the TatA-YFP complex stoichiometry distribution for cells expressing or missing TatBC. Parts A
and B are courtesy of J. Schnell (University of Oxford, UK); part C is courtesy of H. Saibil (Birkbeck College London, UK); part
Dais reproduced, with permission, from REF. 93 © (2008) US National Academy of Sciences; part Db is courtesy of N. Greene
and M. Leake (University of Oxford, UK); and part Dc is plotted from data in REF. 93.

NATURE REVIEWS | MICROBIOLOGY VOLUME 10 [ JULY 2012 | 489

© 2012 Macmillan Publishers Limited. All rights reserved



REVIEWS

Box 3 | Tat proofreading and folding quality control

Some cofactor-containing twin-arginine translocation (Tat) substrates are subject to
chaperone-mediated ‘proofreading’ to ensure that they are correctly assembled (and
any co-exported partner proteins are bound) before they interact with the Tat system.
In this process, a signal peptide is bound tightly by a dedicated chaperone (see the
figure; step 1), and a second chaperone binds elsewhere on the preprotein. The
cofactor is then loaded (see the figure; step 2) before the chaperones are released
and the protein can interact with the Tat machinery (see the figure; step 3). For
example, TorD is a proofreading chaperone that is dedicated to the maturation of

the Tat substrate trimethylamine-N-oxide reductase (TorA), which contains a
molybdopterin guanine dinucleotide cofactor. TorD mediates efficient cofactor
insertion by binding to sequences in the mature region of TorA**”. TorD also binds to
the TorA signal peptide!**3313 |t has been proposed that signal peptide binding
prevents TorA from interacting with the export machinery until cofactor insertion has
taken place'*’. Chaperone-mediated proofreading has probably evolved independently
on more than one occasion. For example, periplasmic nitrate reductases that are
homologous to TorA have signal peptide-binding chaperones that are structurally
unrelated to the TorD family*.

It has been proposed that, in addition to carrying out chaperone-mediated
proofreading, the Tat pathway has an intrinsic capacity to differentiate between folded
and unfolded substrate proteins by a process termed folding quality control. This
hypothesis arose from studies in which alkaline phosphatase (PhoA) was targeted to the
Escherichia coli Tat pathway'*2. The active conformation of PhoA depends on disulphide
bond formation, and Tat-mediated transport was found to occur only in strains that had
been manipulated to allow disulphide bond formation in the cytoplasm. This implies
that the Tat pathway permits export of only fully folded proteins. In vitro experiments
showed that discrimination of the PhoA folding state occurs after targeting to the
translocase®. However, more recent studies have shown that the Tat pathway is able
to transport natively unstructured proteins provided that these proteins are neither too
long (exceeding ~100 amino acids) nor too hydrophobic®®*°. Indeed, some truncated
forms of PhoA can be transported in the absence of disulphide bond formation'*.
Unstructured proteins that exceed the size limit abort transport and are released into
the membrane®®. These observations would argue against the Tat machinery having an
intrinsic quality control feature but suggest that proteins which are too large or expose
too many hydrophobic
stretches are
incompatible with
the translocation
mechanism?®**%!*, One
interesting possibility
is that the stalling of
Tat substrates with
exposed hydrophobic X

residues is related to /r
Signal peptide

the mechanism of

Periplasm

Cytoplasm

©)

>®/

Substrate

Chaperonzb

membrane integration )

for Tat substrates that

have carboxy-terminal

hydrophobic anchor %Cofactor
sequences.

E. coli TatBC-substrate complexes have been iso-
lated, and their structures have been characterized at
low resolution by electron microscopy®®. These struc-
tures suggest that the folded passenger domain of the
substrate is located at the periphery of TatBC and that

Solution NMR TatBC undergoes a conformational change on substrate

binding (FIC. 3C). Although TatBC complexes contain
multiple TatC subunits and thus multiple potential sig-
nal peptide-binding sites, only one or two substrate mol-
ecules are bound to each complex. This suggests that not
all TatC subunits in the TatBC complex have the same
binding properties and that there is therefore functional

Structural analysis of a
molecule in an aqueous
solution by NMR spectroscopy.

Amphipathic helix
A protein helix that has one
polar and one nonpolar face.

asymmetry within the complex®. A mixture of tight-
and loose-binding sites could explain why translocase-
bound substrate molecules are readily exchangeable in
experiments with E. coli membranes®®, although some
substrate molecules are bound sufficiently tightly to
survive purification®. It is possible that these two types
of binding site parallel the two binding modes seen
in plants. However, none of the interactions observed in
E. coli requires the PME.

Formation of a TatBC-substrate complex triggers
the association of TatA with TatBC¥. This association
requires the PMF and lasts only until the substrate has
crossed the membrane®****’. During the transport pro-
cess, the substrate is probably in simultaneous contact
with all three Tat components, suggesting that a TatABC
complex mediates transport®*. However, it has also
been proposed that the substrate is transferred from
TatBC to TatA®*.

Crosslinking studies in plant thylakoids suggest
that TatA undergoes polymerization on recruitment
by the TatBC-substrate complex®"*2. This is supported
by direct imaging of yellow fluorescent protein (YFP)-
labelled TatA in E. coli cells®, which showed that TatA
forms only low-order oligomers (mean ~4 subunits)
in the absence of TatBC but larger complexes (with a
mean of 25 subunits) when TatBC is present (FIC. 3D). A
recent crosslinking study suggests that monomeric TatA
is associated with the E. coli TatBC complex before a sub-
strate is bound”. This is supported by the observation of
TatA-dependent differences in substrate-TatBC interac-
tions®® and by the fact that small amounts of TatA are
co-purified with TatBC in the absence of substrate®”®.
TatBC-associated TatA monomers may provide the
nucleation site for TatA polymerization®. At this junc-
ture, it is worth noting a recent study which suggests
that a PMF-dependent, substrate-independent priming
step occurs in E. coli*®. If this step can be equated to TatA
polymerization, then we can infer that a substrate is not
necessary to trigger TatA assembly in E. coli, in contrast
to assembly in plant thylakoids. The overall transport
time for Tat substrates seems to be of the order of 1 or a
few minutes®**, and it is likely that the time required
for diffusion and capture of TatA during polymerization
is responsible for much of this time®®.

Structural studies have begun to provide a framework
for understanding the function and behaviour of TatA.
The structure of a detergent-solubilized monomer of the
dual-function TatAd from B. subtilis has recently been
determined by solution NMR?” (FIC. 3A). The structure
confirms earlier predictions®®® that TatA has a single
N-terminal transmembrane helix (TMH) followed by a
basic amphipathic helix (APH) and then a highly charged,
natively unstructured C-terminal tail. The C-terminal
tail is not essential for TatA function'®'"". TatA is bent
around an invariant glycine residue at the TMH-APH
junction, resulting in these helices being positioned at
right angles to each other. This L-shaped arrangement
would allow the APH to lie parallel to the membrane
surface, in contact with the phospholipid headgroups
(FIC. 3B), in agreement with biophysical data®'>'%; how-
ever, solid-state NMR analysis of the dual-function TatAd
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of B. subtilis in bicelles suggests that the whole molecule
is slightly tilted so that the end of the APH projects out of
the membrane'™. The N terminus of TatA, including the
TMH, is scarcely long enough to span the hydrophobic
interior of the cytoplasmic membrane (FIC. 3B), suggest-
ing that TatA either does not fully cross the bilayer or
thins the membrane in its vicinity. TatA is oriented in
the membrane such that the APH and C-terminal tail are
located at the cytoplasmic side of the membrane® %177,

TatB is likely to have a similar overall structure to
TatA, although TatB proteins are usually substantially
longer than their TatA counterparts owing to an inser-
tion between the APH and the C-terminal tail'*'®®. TatB-
specific functions are associated with this insertion, with
the N terminus of the protein and with the TMH?**'®*. By
contrast, it is the APH that is crucial for TatA-specific
functions?®*>1°111 (one study has reported the oppo-
site conclusions'®, but the data could have been affected
by large differences in the expression levels of the
domain-swapped proteins used).

When E. coli TatA is solubilized from the cytoplasmic
membrane with mild detergents, the protein is typically
found in large oligomers of variable size''*'. Single-
particle electron microscopy shows that these oligomers
have a ring-shaped morphology, with additional density
partly blocking one end of the central cavity®''? (FIG. 3C).
Particles of similar morphology have also been observed
for the TatA homologue TatE'"®. TatA oligomerization in
detergent solution has been shown to depend on specific
interactions between the TMHs**''¢, suggesting that the
walls of the rings are formed by the TMHs. However,
comparison of the B. subtilis TatAd monomer structure
with the electron microscopy map of E. coli TatA shows
that there is a poor correspondence between the length
of the B. subtilis TMH and the height of the E. coli ring
(FIC. 3C, lower panel), although this is of uncertain sig-
nificance at the low resolution of the E. coli maps. As
TatA is a small protein with a single TMH, tens of TatA
molecules would be needed to build the ring structures
that are observed by electron microscopy.

Whether the TatA oligomers seen in detergent solu-
tion are related to the substrate-induced TatA oligomers
observed in membranes is an open question. TatA oli-
gomer formation in the membrane requires a substrate
(at least, in thylakoids), the TatBC complex and the PME,
but large TatA complexes form in detergent solution in
the absence of any of these factors'’?, suggesting that
detergent extraction induces TatA polymerization and
that the TatA complexes which are seen in detergent
solution are non-physiological, at least regarding their
route of assembly. Nevertheless, it seems unlikely that
a protein which has evolved to polymerize in a mem-
brane would oligomerize in a distinctly different way in
detergent solution. The diffusion of YFP-labelled TatA
complexes in cells is best modelled when TatA is given a
ring morphology; as seen for detergent-solubilized TatA,
rather than a close-packed structure®. Moreover,
TatA-YFP complexes have diverse oligomeric states
(FIC. 3D), as seen in detergent solution®. It has been
argued that detergent extraction drives the TatA equi-
librium towards the highly oligomerized state by
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removing phospholipids that stabilize the dispersed state
in membranes®.

Other unresolved issues include the oligomeric state
of TatA before substrate-induced polymerization and
whether this protomer acts as the building block from
which the polymerized TatA complexes are assembled.
Some crosslinking and single-molecule fluorescence
data suggest that the TatA protomer in the membrane
is a homotetramer and that this unit is used to build the
substrate-induced complexes®®. A tetramer unit would
also be consistent with a literal interpretation of the
minimal size differences between TatA oligomers
in detergent solution, as measured by blue native
PAGE">'", Crosslinking data have been interpreted to
suggest that, whereas TatA tetramers are held together
by interactions between the TMHs, substrate-induced
polymerization involves interactions between the
C-terminal tails*. By contrast, solid-state NMR diffusion
measurements of a TatA fragment that was reconstituted
in a bicelle environment suggest that the TatA protomer
unit is a monomer'*. Likewise, it is difficult to reconcile
spin-labelling measurements from detergent-solubilized
TatA complexes with a structural model in which the
repeating unit is larger than a single TatA subunit'.

Following assembly of a TatABC-substrate complex,
the substrate is translocated across the membrane to the
periplasm, where the signal peptide is normally removed
by a signal peptidase**"!". The TatABC complex then
disassembles®®®. The N terminus of the signal peptide
most probably remains at the cytoplasmic side of the
membrane during the transport process, as a struc-
tured domain fused to the signal peptide N terminus
is not transported'® and the topology of the uncleaved
Tat signal peptide of bacterial Rieske iron-sulphur
proteins is such that the N terminus is cytoplasmic and
the C terminus is periplasmic®. By contrast, the C ter-
minus of the signal peptide must reach the periplasmic
face of the membrane to contact the active site of the
signal peptidase'®. Thus, during the transport cycle,
the signal peptide has its C-terminal end flipped to the
far side of the membrane. The fate of the signal peptide
after transport is unclear. The transmembrane location
of the uncleaved Tat signal peptides on bacterial Rieske
iron-sulphur proteins suggest that the signal peptide
can be released laterally from the transporter into the
membrane bilayer. However, outer-membrane target-
ing of Dickeya dadantii pectate lyase (PnlH) is mediated
by an uncleaved Tat signal peptide following Tat trans-
port, providing clear evidence that signal peptides can
also be released at the periplasmic side of the bilayer'*.
Although it has been shown that Tat signal peptides
can be cleaved by the intramembrane protease RseP in
E. coli', these experiments are not definitive because
they were carried out with fusion proteins that were not
capable of releasing the signal peptide to the periplasmic
side of the membrane.

Mechanistic conundrums

Having outlined our current understanding of the Tat
transport cycle, we now consider to what extent it is
possible to answer three key questions regarding the
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mechanism of transport: how can a folded protein be
transported across a membrane without compromising
the membrane permeability barrier, how can this path-
way be sealed when no substrate is present and how is
the PMF transduced to drive protein transport?

When trying to answer these questions, one impor-
tant factor to bear in mind is that we do not know with
complete confidence which particular component (or
components) of the Tat system is responsible for these
functions. Here, we take the widely held assumption
that TatA is responsible for the physical transport of the
substrate across the membrane, as shown in FIG. 2. This
inference is based on the observation that translocation
takes place only when TatA has been recruited to TatBC,
and is supported by the discovery of a transport-arrested
substrate that has interactions exclusively with TatA®.
The TatBC complex shows no evidence of an internal
cavity that is large enough to form a transmembrane
route for protein transport, even after substrate binding
(FIG. 3C, lower panel), and the passenger domain of the
substrate is outside of the TatBC complex, where TatA
should also be bound.

In thylakoids, the transport-active TatA polymer
assembles in response to a substrate. This suggests that
the Tat system solves the problem of sealing the mem-
brane when not in use by building and maintaining a
translocation site only when substrate is present.

The cavities that are seen in the detergent-solubilized
E. coli TatA complexes (FIG. 3C, upper and lower panels)
are large enough to accommodate the known Tat sub-
strates, indicating that substrate could be transported
through the centre of the complex'”. In the electron
microscopy structures, the cavity contains stain and
so must be filled with water. This suggests that trans-
port would be through an aqueous channel. In this sce-
nario, the channel sides would need to be lined by the
APHs because the TMHs are predominantly nonpolar
(FIC. 3B). It has been proposed that dynamic variation in
the oligomeric state of TatA allows the channel to pack
tightly around substrates of different sizes, thus ensur-
ing a tight seal during transport (the bespoke channel
model®>'?), with TatA protomers being recruited to the
channel until it becomes large enough to let the substrate
through. This model is consistent with the wide range
of sizes observed for TatA oligomers both in detergents
and in membranes®®?*''>3 and with evidence of rapid
subunit exchange between TatA oligomers in detergent
solution'. The model is challenged by crosslinking
experiments suggesting that signal peptides (without
a passenger domain) and complete substrate proteins
induce TatA oligomers of the same size’'.

Alternative models predict that concentration of the
membrane-active APHs by polymerization weakens or
remodels the membrane so that application of force to
the substrate is sufficient to move it through the mem-
brane bilayer. This transient route*® could be within a
TatA ring, such that displaced lipids exit through tran-
sient openings between TMHs, or it could be through a
less structured membrane patch. In one model, multi-
ple APHs fold into the membrane in response to force
on the substrate, and the polar sides of the APHs wrap

around the polar face of the substrate, shielding it from
the bilayer interior®'. In this model, the membrane seal
is retained because the substrate is transported as soon
as sufficient APHs have been recruited to allow the sub-
strate to move across the membrane. A second model
suggests that the multiple APHs induce membrane
disorder, which presumably allows the reorientation of
phospholipid head groups around the substrate as it is
driven through the membrane™. A third model posits
that a ring of APHs inserted into the cytoplasmic leaf-
let of the membrane bilayer facilitates inward bending
of the membrane towards the centre of the ring owing
to expansion of the surface area of the cytoplasmic
leaflet®. All these schemes require finely balanced
APH-phospholipid interactions, an assumption that is
in agreement with both the high sensitivity of the APH
to amino acid substitutions®"'? and the strong influence
of the membrane phospholipid composition on trans-
port'*»'22and on APH-membrane interactions®'®. The
first and third models require the APH to dip at least
transiently into the membrane bilayer from an initial
interfacial position; this is supported by experiments
with topology reporter fusions, which have been inter-
preted as showing that the APH ‘flips’ across the mem-
brane during transport'*. However, a recent study using
a membrane-impermeable labelling reagent found no
evidence for periplasmic exposure of TatA during trans-
port'”. The structure of the B. subtilis TatAd monomer
shows that the APH and the TMH are held rigidly at
right angles to each other owing to side chain packing
interactions around the TMH-APH joint (FIC. 3A), and
this would seem to preclude APH movement relative to
the TMH?. Furthermore, it seems unlikely that the single
glycine at this junction would provide sufficient confor-
mational flexibility to allow the APH to bend much fur-
ther towards the TMH, even if the packing interactions
were disrupted. Consequently, any movement of the APH
into the membrane might be expected to also lead to a
reorientation of the TMH, which would strain the inter-
actions between the TMHs in the TatA oligomer. Thus, it
is conceivable that the proposed APH insertion triggers
the TatA depolymerization that is associated with the
end of transport. The inability of the APH to bend down
towards the TMH would seem to preclude the aqueous-
channel model for Tat transport, as this model requires
the APH to be arranged parallel to the TMH in order to
provide a polar lining to the channel.

All of these models emphasize that the mechanism
of Tat translocation is likely to be different from that
exhibited by a permanent channel structure.

Although it is known that the PMF is necessary for
TatA to associate with the substrate-activated TatBC
complex, the molecular basis for this requirement has
not been established. Furthermore, it has been inferred
that the PMF is involved in at least two distinct steps in
the transport cycle®>*. One consequence of transport-
ing a folded passenger domain is that the C-terminal
end of the signal peptide reaches the periplasmic side
of the membrane only when the passenger domain has
been transported. In other words, completion of signal
peptide flipping is linked to completion of passenger
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protein translocation. This linkage could be achieved by
different scenarios. TatBC could use the energy of the
PMEF to actively flip the C-terminal end of the signal pep-
tide across the membrane, forcing the folded passenger
domain to follow passively through TatA. Alternatively,
the PMF might be used to drive active transport of the
passenger domain by TatA, causing the TatBC-bound
peptide to reorient. Finally, it is possible that transport
of the passenger domain occurs via Brownian motion
but that the substrate becomes trapped when it reaches
the far side of the membrane (rectified diffusion). In
this case, the role of the PMF would be to power the
formation of a transport-permissive holotranslocase (as
observed), which would disassemble after transport to
prevent reversal of transport and/or ensure that the trans-
port cycle moves in the forward direction. Active flipping
of the signal peptide is supported by the observation that
the PMF drives isolated signal peptides into the interior
of the plant TatBC complex™. It is also consistent with the
observation that the signal peptide is flipped and cleaved
even for substrates that subsequently fail to fully trans-
port, as this shows that the N-terminal region of the pro-
tein (that is, the signal peptide) is transported first>®'*.
The Tat system is able to transport natively unstructured
passenger domains that are substantially longer than the
width of the membrane bilayer®®*. Because transport
continues after the N terminus of the passenger domain
has reached the far side of the membrane (and is therefore
a drawn-out process), this observation has been inter-
preted as showing that the Tat system exerts a sustained
(perhaps a peristaltic?) force on the substrate®® rather
than using a single (and quick) power stroke, as might
be envisaged for active signal peptide flipping. However,
there is an upper limit to the length of unstructured
polypeptide that can be translocated®®®, a finding that
is more consistent with a single rather than a sustained
transport event®. It is equally possible that unstructured
polypeptides which are longer than the bilayer are trans-
ported through the translocase by Brownian motion
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following anchoring of their N termini at the far side of the
membrane by signal peptide flipping.

Conclusions

Rapid progress has been made in characterizing the
Tat system. Nevertheless, we are still a long way from
elucidating the Tat mechanism at the molecular level
and cannot explain how Tat is able to transport folded
proteins across a membrane. Ongoing developments in
three areas will be crucial to determining the mecha-
nism of Tat-meditated transport. First, high-resolution
structures of the Tat components and their complexes
are a necessity. These may reveal the broad operat-
ing principles of Tat transport and will be essential
for underpinning mechanistic studies and our under-
standing of their results. Structure determination will be
extremely challenging because Tat components are inte-
gral membrane proteins and form complexes of inferred
high conformational and compositional flexibility. We
anticipate that a wide range of structural methods in
combination with modelling are likely to be necessary.
The NMR structure of the B. subtilis dual-function
TatAd protein? (FIG. 3AB) is a first exciting step on this
road. Second, quantitative kinetic analysis is neces-
sary to understand any catalytic mechanism, but it is
still almost completely unavailable for the Tat system.
Quantitative real-time methods for monitoring the
steps of transport will need to be developed, along
the lines of the pioneering study of Whitaker et al.®%.
Third, because the transport cycle of the Tat system
involves dynamic changes in complex composition that
are perturbed by extracting the Tat components from
the membrane with detergents, we need to develop
methods that allow detailed molecular analysis of
the Tat system in the native membrane environment.
The recent application of single-molecule fluorescence
imaging to determine the composition of the TatA
complex in cells®® (FIG. 3D) represents one possible way
to do this.
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