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ABSTRACT

The Tat machinery catalyzes the transport of folded proteins across the cytoplasmic membrane in bacteria and the
thylakoid membrane in plants. Transport occurs only in the presence of an electric field (�ψ) and/or a pH (�pH) gradient,
and thus, Tat transport is considered to be dependent on the proton motive force (pmf). This presents a fundamental and
major challenge, namely, that the Tat system catalyzes the movement of large folded protein cargos across a membrane
without collapse of ion gradients. Current models argue that the active translocon assembles de novo for each cargo
transported, thus providing an effective gating mechanism to minimize ion leakage. A limited structural understanding of
the intermediates occurring during transport and the role of the pmf in stabilizing and/or driving this process have
hindered the development of more detailed models. A fundamental question that remains unanswered is whether the pmf
is actually ‘consumed’, providing an energetic driving force for transport, or alternatively, whether its presence is instead
necessary to provide the appropriate environment for the translocon components to become active. Including addressing
this issue in greater detail, we explore a series of additional questions that challenge current models, and, hopefully,
motivate future work.
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ABBREVIATIONS

Tat twin arginine translocation
�ψ electric field gradient

�pH pH gradient
pmf proton motive force

INTRODUCTION

In prokaryotes and plants, proteins are transported out of
the cytoplasm or into the thylakoid lumen via two general

translocation systems: the Sec and Tat machineries. The Sec
system transports unfolded proteins, whereas the Tat (twin
arginine translocation) pathway transports folded proteins
(Berks 1996; Clark and Theg 1997; Santini et al. 1998; Sargent
et al. 1998; Palmer and Berks 2012; Cline 2015). The distribution
of protein cargos between the two pathways varies consider-
ably. For example, >90% of proteins are exported by the Tat
pathway in Haloarchaea (Rose et al. 2002; Dilks, Gimenez and
Pohlschroder 2005), whereas a functional Tat system is not
required for growth of Escherichia coli and other γ -proteobacteria
under most conditions (Lee, Tullman-Ercek and Georgiou 2006).
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The diversity in Tat usage is also seen within a phylum, for
example, ∼20% of Streptomyces coelicolor secreted proteins use
the Tat pathway but Mycobacteria leprae have <10 Tat substrates
(Dilks et al. 2003). Initial analyses of Tat substrates revealed that
many are co-factor containing redox proteins and/or oligomeric
complexes. Thus, the Tat pathway enables co-factors, such as
molybdopterins or metal centers, to be integrated into proteins
during folding in the cytoplasm prior to transport (Palmer and
Berks 2012). For oligomeric Tat substrates, only one protein
in the complex requires a signal peptide, but the oligomeric
structure must be achieved in the cytoplasm and is retained
during Tat transport (‘hitchhiker’ transport) (Rodrigue et al.
1999). Considering that not all Tat substrates have co-factors
or form heterooligomers (Berks, Palmer and Sargent 2005), and
moreover, that a folded structure is not essential for trans-
port (Richter et al. 2007), it remains uncertain what selective
pressures favor the Tat pathway over the Sec system.

Mechanistically, the Tat machinery is unique in that it
transports folded proteins across energetic membranes without
collapsing ion gradients (Mould and Robinson 1991; Cline,
Ettinger and Theg 1992; Clark and Theg 1997; Santini et al. 1998;
Sargent et al. 1998; Alder and Theg 2003). It is the only known
protein transport system for which a proton motive force (pmf)
is essential for all substrates (Cline, Ettinger and Theg 1992;
Bageshwar and Musser 2007; Braun, Davis and Theg 2007). This
minireview addresses recent advances made towards under-
standing the Tat transport mechanism, critically re-examines
some basic assumptions and discusses some currently un-
resolved issues. Recent detailed reviews on Tat transport are
available, and the reader is referred to these for more com-
prehensive summaries (Palmer and Berks 2012; Berks 2015;
Cline 2015). Here, we have taken a forward-looking approach,
concentrating on unknowns and challenges to motivate future
work.

Tat COMPONENTS

A minimal Tat system contains the two membrane proteins:
TatA and TatC. This two protein system is common in certain
gram-positive bacteria with low G + C content, such as Bacillus,
and in some archaea (Jongbloed et al. 2004; Jongbloed, van der
Ploeg and van Dijl 2006). However, the best-studied Tat systems
are found in E. coli and in plant thylakoids, both of which contain
TatB (Hcf106 in plants), a TatA-like membrane protein, in addi-
tion to TatA and TatC (Tha4 and cpTatC, respectively, in plants).
Escherichia coli also contain a fourth protein, TatE, which is ho-
mologous to TatA and TatB (Sargent et al. 1998, 1999; Eimer et al.
2015). The presence of multiple TatA-like proteins is considered
to be a consequence of gene duplication followed by sequence
divergence, resulting in specialized functions (Yen et al. 2002).
Here, we focus on the E. coliTatABCE systemand the correspond-
ing chloroplast Tat (cpTat) system.

THE RECEPTOR COMPLEX

TatB and TatC form a 1:1 heterodimer (Cline and Mori 2001;
McDevitt et al. 2006) that forms the basis of a receptor complex,
which recognizes and binds Tat signal peptides (Fig. 1). Whether
TatA is a normal constituent of this receptor complex has been
controversial, though the weight of evidence leans toward some
TatA in this complex (Mangels et al. 2005; Aldridge et al. 2014;
Blummel et al. 2015; Alcock et al. 2016). Since TatABC forms
a minimal Tat transport system (Sargent et al. 1998; Yahr and

Figure 1. The receptor–substrate interaction. (A) Model of the interaction of the
native substrate pre-SufI with TatBC. A signal peptide hairpin penetrates about

halfway across the membrane in a deep groove on the side of TatC (gray; SWISS-
MODEL ID: P69423) with both RR-motif (orange star) andmature domain (teal; PDB
ID: 2UXV) on the cytoplasmic side of the membrane. Modeling suggests that the

first part of the hairpin is helical (green), and the second half is disordered and
interacts mostly with the TatB membrane domain (blue; residues L7-G21, Zhang
et al. 2014). Adapted from Hamsanathan et al. (2017). (B) Top view of TatBC. TatC
residues E15 and E103 (red) interact with the RR-motif on Tat signal peptides

(Rollauer et al. 2012).

Wickner 2001), these three Tat proteins have been used for most
bacterial transport studies. However, a recent report finding that
TatA, TatB and TatE occupy very similar positions on TatC (Eimer
et al. 2018) raises the possibility that TatE is also part of the recep-
tor complex, or that TatA takes the place of TatE when the latter
is absent. It further suggests that inclusion of TatE in bacterial
transport studies is important for deciphering the precise role
of the various Tat proteins. Due to the uncertainty in receptor
complex composition, Tat(AE)BC will be used to designate this
complex.

TatC has six transmembrane (TM) helices and forms the
core of the Tat(AE)BC receptor complex. X-ray structures for
Aquifex aeolicus TatC reveal a glove-like shape with a deep
groove (the ‘palm’ of the ‘glove’) on a membrane-spanning face
that seems ideally suited to accommodate signal peptides (Rol-
lauer et al. 2012; Ramasamy et al. 2013). TM5 of TatC interacts
with the N-terminal membrane domain of TatB, which posi-
tions it just outside of the TatC groove (Kneuper et al. 2012;
Rollauer et al. 2012; Zoufaly et al. 2012; Aldridge et al. 2014;
Alcock et al. 2016).
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OLIGOMERIZATION OF THE RECEPTOR
COMPLEX

The Tat(AE)BC receptor complex forms higher order oligomers.
However, the oligomeric state remains under debate,with dimer,
trimer, tetramer, heptamer and octamer models having been
proposed (Mangels et al. 2005; Tarry et al. 2009; Celedon and
Cline 2012; Aldridge et al. 2014; Blummel et al. 2015; Alcock et al.
2016), though even amonomermay be sufficient for polypeptide
translocation (Hamsanathan et al. 2017). The oligomeric organi-
zation of the receptor complex is expected to provide clues about
the location of bound signal peptides, which would provide in-
sight into, or provide constraints on, the translocation mecha-
nism. While the visibility of TatB and TatC oligomers in live E.
coli (Alcock et al. 2013) suggests that the receptor oligomers are
on the larger size, the number of Tat(AE)BC units in these clus-
ters has not been established. Moreover, it has not been demon-
strated that these clusters are where polypeptide translocation
across the membrane occurs.

THE SIGNAL PEPTIDE BINDING SITE

Tat substrates interact with the Tat(AE)BC receptor complex via
their signal peptides (Fig. 1), which are removed by signal pepti-
dase after transport to release the folded mature domain (Luke
et al. 2009). The two arginine residues (RR-motif) (Berks 1996; Sar-
gent et al. 1998) within the highly conserved N-terminal RRXFLK
consensus sequence likely interact with E15 and E105 (E. coli
residues) of TatC (Rollauer et al. 2012). Other than the RRXFLK
consensus sequence, the primary structures of Tat signal pep-
tides are highly variable, but nonetheless share a few common
features. Instead of binding in a defined pocket in a distinct
orientation, signal sequences are more likely accommodated
in the receptor binding pocket in slightly different configura-
tions. A hydrophobic helical domain (h-domain; typically 12–18
residues), following the RRXFLK motif, is generally thought to
bind in the groove on the side of TatC (Ramasamy et al. 2013;
Hamsanathan et al. 2017). The disordered C-terminal domain of
signal peptides interacts with the membrane domain of TatB
(Alami et al. 2003; Gerard and Cline 2006; Maurer et al. 2010;
Hamsanathan et al. 2017). Consistent with these structural in-
teractions, the receptor complex plays an active role as an in-
sertase, catalyzing the insertion of a signal peptide hairpin into
the membrane (Fröbel et al. 2012). While this initial report con-
cluded that the signal peptide hairpin extends all the way across
the membrane such that the signal peptide can be cleaved by
signal peptidase (Fröbel et al. 2012), a more recent study found
that the signal peptide hairpin penetrates about halfway across
the membrane (Hamsanathan et al. 2017).

The finding that a signal peptide hairpin penetrates part-
way, rather than all the way, across the membrane solves mul-
tiple confounding issues. First, while membrane spanning pep-
tides are typically helical, consistent with the predicted helical
propensities of Tat h-domains, Tat signal peptides are gener-
ally too short to span the membrane twice, as is required for a
fully penetrating hairpin, if part is helical. In contrast, a partially
penetrating hairpin structure readily explains how the RR-motif
and fully folded mature domain remain on the cis-side of the
membrane in the receptor–substrate complex (Hamsanathan
et al. 2017). Second, a fully penetrating signal peptide hairpin
is expected to be substantially more stable thermodynamically
than a partially penetrating hairpin. Thus, reversibility of the
receptor-substrate binding interaction (KD ∼ 10–20 nM) (Bagesh-
war et al. 2009; Whitaker, Bageshwar and Musser 2012) is consis-

tent with a partially penetrating hairpin. And third, it has been
unclear whether precursor proteins continuously maintain spe-
cific interactions with the Tat translocon during translocation of
themature domain across themembrane, whichwould presum-
ably enhance efficiency, or whether substrate–translocon inter-
actions are transient and fluid during this stage of the turnover
cycle. Flexibility at the tip of a signal peptide hairpinwould allow
the N-terminal portion of the hairpin (including the RR motif)
to remain continuously bound to the receptor complex, while
the C-terminal portion of the hairpin and the mature domain
migrate across the membrane. While such continuously main-
tained signal peptide interactions can occur for a fully inserted
signal peptide hairpin, migration of the signal peptide cleavage
site across themembrane to yield a fully penetrating signal pep-
tide hairpin requires partial unfolding of the mature domain,
which does not occur, at least for pre-SufI (Hamsanathan et al.
2017). These interactions and structural dynamics form the ba-
sis of the recently proposedHairpin-Hingemodel (Hamsanathan
et al. 2017) (Fig. 2). Notably, the membrane insertion of a signal
peptide hairpin and the hairpin-hinge translocationmechanism
are consistent with all of the receptor complex oligomerization
models postulated thus far.

OLIGOMERIZATION OF TatA WITH THE
RECEPTOR–SUBSTRATE COMPLEX

Translocation of the folded mature domain of a Tat precursor
protein requires a conduit across the membrane. TatA is an
important, and likely primary, contributor to generating and
maintaining this conduit. Early work on detergent-solubilized
complexes revealed that TatA forms ring-like structures, and
suggested that oligomerization between a receptor–substrate
complex and a pre-existing TatA oligomer could therefore lead
to transfer of the mature domain through a TatA pore (Gohlke
et al. 2005). However, this picture no longer appears valid.
Instead, measurements within membranes indicate that TatA is
highly dispersed, but oligomerizes in the presence of receptor–
substrate complexes and the pmf (Dabney-Smith, Mori and
Cline 2006; Alcock et al. 2013; Rose et al. 2013). While there are
numerous competing models (Fig. 3), the current general con-
sensus is that the Tat(AE)BC receptor complex and additional
recruited TatA together generate the active translocon (termed
herein as the TatAn(E)BC complex), which promotes mature
domain transport. The oligomeric state of dispersed TatA is
unclear. Though some reports have suggested tetrameric TatA
protomers (Leake et al. 2008; Dabney-Smith and Cline 2009),
comparison with in vivo fluorescence intensities observed for
tagged TatB and TatC proteins suggests that dispersed TatA has
a lower oligomerization state (Alcock et al. 2013).

TatA consists of an N-terminal TM domain, followed by an
amphipathic helix, and then a highly charged, intrinsically dis-
ordered C-terminal tail (Hu et al. 2010; Walther et al. 2010).
Though the monomeric unit is small (<100 residues) and rel-
atively simply organized, the changes in TatA oligomerization
state during Tat transport and the significantly different inter-
actions and functional differences in these intermediates pro-
vide substantial structural challenges. First, TatA oligomeriza-
tion requires the receptor complex, substrate and the pmf, and
yet most interactions within the resulting oligomers are typi-
cally proposed to occur between TatA molecules. It is not clear
what changes within TatA could be induced to trigger this self-
assembly. And second, a translocation conduit is presumably
an aqueous channel through themembrane, which, considering
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Figure 2. The Hairpin-Hinge model of Tat mature domain translocation. The

Hairpin-Hinge model (Hamsanathan et al. 2017) explains how the precursor pro-
tein remains continuously bound to the receptor complex while the C-terminal
portion of the signal peptide hairpin and the mature domain migrate across the
membrane. Themembrane insertion of a signal peptide hairpin and the hairpin-

hinge translocation mechanism are consistent with all of the receptor complex
oligomerization models postulated thus far. For simplicity, a monomeric recep-
tor complex is shown here. (A) The receptor complex inserts the signal peptide

(black) of the precursor protein (mature domain in teal) into the membrane in
a hairpin configuration that extends about halfway across the bilayer. Hairpin
insertion is pmf-independent. The RR-motif (orange star) interacts with E15 and
E103 (see Fig. 1) on the surface of TatC (gray) and the C-terminal end of the signal

peptide after the hinge (red dot) interactswith TatB (dark blue) (see Fig. 1). (B) In the
presence of a pmf, TatA (magenta) is recruited to the receptor–substrate complex,
resulting in formation of a translocation conduit (dashed outline). (C) Unhinging
of the signal peptide hairpin allows the mature domain to translocate through

the pore across themembrane. (D) The translocation conduit disassembles after
transport. The mature domain is released to the periplasm upon signal peptide
cleavage.

thermodynamics, is expected to be lined by a hydrophilic sur-
face. The hydrophobicmembrane domain of TatA seems incom-
patible with such a channel. These issues havemade it challeng-
ing to postulate detailed structural models of the Tat transloca-
tion cycle.

Figure 3. Models of the role of TatA in the Tat translocation mechanism. The
number and arrangement of the TatA (magenta), TatB (dark blue) and TatC (gray)
proteins in the receptor complex is unknown, though it is generally agreed that
the signal peptide (black) of the precursor protein (orange star, RR-motif; teal, ma-

ture domain) binds in the groove on the side of TatC (see also Fig. 1). Three
general types of current models are depicted. In all cases, the receptor com-
plex oligomerization state shown is one of multiple reasonable possibilities, and
TatA is recruited to the receptor–substrate complex in the presence of a pmf.

Substantially different conformational rearrangements of the receptor complex
and/or different TatA recruitment sites are feasible. The primary features distin-
guishing the different models is whether TatA is recruited to form one or multi-
ple oligomeric structures and whether the signal peptide binding site is located

within or outside of the receptor complex oligomer. (A) Symmetric iris model:
this model assumes that the signal peptide binding pockets (dark gray) on TatC
face inside the oligomer (face to face), and TatA is recruited symmetrically to

the interfaces between protomers. A dimeric receptor arrangement is depicted
here, as was originally postulated (Aldridge et al. 2014), although a trimeric or
tetrameric stoichiometry is also reasonable (Blummel et al. 2015; Alcock et al.

2016). (B) Asymmetric iris model: similar to the symmetric iris model, although

in this case, the translocation conduit grows asymmetrically. While a tetrameric
receptor arrangement is depicted here, either a tetrameric or trimeric stoichiom-
etry was initially postulated (Alcock et al. 2016), although a dimeric stochiometry
is also reasonable. The central hole in the iris models (A and B) is likely blocked

in some manner (indicated by the dotted shading) to prevent leakage before re-
cruitment of additional TatA, most likely by the cytoplasmic domains of TatA
and/or TatB in the receptor complex, or via lipids. (C) De novo iris model: for this
model, the signal peptide binding sites of the receptor complex face outside,

and recruited TatA forms a translocation conduit around the precursor bound to
the receptor complex. An octomeric arrangement is shown here, based on bio-
chemical evidence (Celedon and Cline 2012), though, in principle, any receptor
complex oligomerization state is feasible.
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MODELS OF THE TRANSLOCATION
MECHANISM

Unlike most protein translocation pathways, the Tat proteins do
not seem to generate a stable pre-existing translocation pore
through which the precursor can migrate, but rather, a translo-
cation conduit seems to assemble on demand. The dominant
picture that has emerged is that the active translocon assem-
bles from a receptor–substrate complex and TatA protomers in
the presence of a pmf, and that this TatAn(E)BC complex dis-
assembles after the mature domain is translocated across the
membrane (Leake et al. 2008; Alcock et al. 2013). While both
TatB and TatA have multiple interaction sites on TatC (Blum-
mel et al. 2015; Alcock et al. 2016; Habersetzer et al. 2017), the
composition and structural organization of the Tat(AE)BC recep-
tor complex and the active translocon are unknown, and this
remains a fundamental barrier to understanding the translo-
cation mechanism. Importantly, it has not been established
whether the signal peptide binding pocket is on the inside or
outside of the receptor complex oligomer. If inside, the recep-
tor oligomer likely dilates (e.g. by recruitment of TatA) to ac-
commodate mature domain passage through the middle of the
complex, or, alternatively, a major structural rearrangement is
necessary to expose the signal peptide binding pocket toward
the lipids so that a channel generated by TatA recruitment can
be accessed. In contrast, if the signal peptide binding pocket
is on the outside of the Tat(AE)BC oligomer, a major confor-
mational rearrangement of the receptor complex is not neces-
sary. Rather than discussing proposed models in detail, we in-
stead present the three general classes of current models. While
there are numerous potential variations, the fundamental dif-
ferences between the models that we seek to illustrate here
lie in two features: (i) whether TatA forms one or multiple ho-
mooligomeric structures when it is recruited by and appended
on the Tat(AE)BC oligomer; and (ii) whether the signal peptide
binding site is located within or outside of the receptor complex
oligomer.

Symmetric Iris Models

In symmetric iris models, the signal peptide binding site is on
the inside of a Tat(AE)BC oligomer. Recruitment of additional
TatA to multiple identical sites within the Tat(AE)BC oligomer
would enable the central opening in the middle of the complex
to swell into a pore with a diameter sufficient for accommo-
dating the mature domain during transport across the mem-
brane (Fig. 3A). A dimeric oligomerization model was postulated
(Aldridge et al. 2014), although trimeric (Blummel et al. 2015; Al-
cock et al. 2016) or tetrameric (Blummel et al. 2015; Alcock et al.
2016) stoichiometries, in principle, are also reasonable. The pore
diameter expansion generated by recruitment of TatA could pro-
vide an effective gating mechanism for preventing ion leakage.

Asymmetric Iris Models

Asymmetric iris models are similar to the symmetric iris mod-
els, except that additional TatA would be recruited to a sin-
gle interface between Tat(AE)BC protomers. Thus, the Tat pro-
teins would be asymmetrically distributed around the ex-
panded pore that develops (Fig. 3B). Trimeric and tetrameric
Tat(AE)BC stoichiometries have been proposed (Alcock et al.
2016), although a dimer or larger receptor oligomers are formally
possible.

De Novo Iris Models

In de novo iris models, the signal peptide binding site is on the
outside of the Tat(AE)BC complex, and recruitment of additional
TatA around this binding site creates the necessary transloca-
tion pore. Thus, recruitment of TatA to the receptor–substrate
complex would create an entirely new pore where there was
none before (Fig. 3C). The Tat(AE)BC oligmerization state is
not critical here—monomers up to octomers and larger would
all be reasonable (Bageshwar et al. 2009; Hamsanathan et al.
2017).

Two features of de novo iris models make them particularly
attractive. First, the only available receptor–substrate structure
suggests a heptameric complex of TatBC with the natural sub-
strate SufI (and presumably the signal peptide binding site) on
the outside of this complex (Tarry et al. 2009). And second, an
external signal peptide binding site enables easy access for pre-
cursor bound to the membrane surface (Bageshwar et al. 2009;
Hamsanathan et al. 2017). However, numerous crosslinking stud-
ies (Punginelli et al. 2007; Ma and Cline 2010; Ma and Cline 2013;
Aldridge et al. 2014; Blummel et al. 2015) and evolutionary co-
variance data (Alcock et al. 2016) point toward a receptor com-
plex with the signal peptide binding site on the interior of the
oligomer, and thus, at this juncture, such models are favored.

THE NATURE OF THE TRANSLOCATION
CONDUIT

The nature of the translocation conduit remains an intriguing
question. Most current models assume that the translocation
conduit across the membrane is generated by some combina-
tion of the various Tat proteins arranged to generate a proteina-
ceous wall of an aqueous pore. There are multiple difficulties
with this assumption. First, there are no unambiguous struc-
tural data including all three proteins as well as a substrate un-
dergoing transport. And second, the lack of hydrophilic residues
within membrane domains suggests extreme thermodynamic
instability of an aqueous pore. One possibility is that these is-
sues simply point toward the conclusion that the translocation
conduit is transient and highly unstable, and therefore it dis-
assembles after each translocation event. However, a potential
consequence of a high-energy intermediate is a low efficiency, or
low flux, translocation pathway. Two alternate conceptual mod-
els seek to address these issues.

The ‘charge zipper’ model postulates that the amphipathic
helix and the C-terminal densely charged region of TatA fully in-
sert into the membrane as a salt-bridge-stabilized hairpin. Such
TatA hairpins are predicted to contribute to a self-assembled
porewith a hydrophilic interior surface, as expected for an aque-
ous translocation conduit (Walther et al. 2013). Though charge-
inversion substitutions do not support the charge zipper model
(Aldridge et al. 2012; Alcock et al. 2017), these data are, in fact, in-
direct tests, as it must be assumed that the tested charge pairs
do indeed form a salt bridge and that this is required to form
the postulated TatA inserted hairpin, and, in addition, the in-
volved residues do not play any alternate role, which would be
abrogated by charge inversion. Since current data do not explic-
itly establish whether a TatA hairpin does or does not form, or
whether TatA inserts into the membrane at any point in the
translocation cycle, the substantial topological rearrangement
of TatA in the ‘charge zipper’ model cannot be ruled out at
this time. Nonetheless, multiple studies argue against TatA hair-
pin insertion based on the accessibility of specific residues to
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chemical reagents (Aldridge et al. 2012; Koch et al. 2012). How-
ever, it is not clear that such methods are capable of detect-
ing the transient intermediate proposed in the charged zipper
model (which would likely exist briefly, to minimize leakage).
More importantly, the purpose of the proposed TatA hairpin in-
sertion in the charged zipper model is to generate a pore, which
can significantly alter the accessibility of inserted residues to
aqueous chemical reagents.

The ‘membrane weakening’ model hypothesizes that the re-
cruitment of TatA reduces the ability of the lipids to seal around
the translocation system, thus enabling the mature domain to
penetrate across the membrane (Bruser and Sanders 2003; Hou
and Bruser 2011). The fundamental concept introduced by this
model is that there is an enhanced local membrane permeabil-
ity introduced by an increase in the local TatA concentration.
What this implies, for example, is that the TatA molecules do
not need to have strongly adherent interfaces, as found in sta-
ble membrane-spanning pore structures, but rather that their
interactions can be many, weak and transient, but sufficient for
clustering. Exactly what physical mechanism could disrupt the
membrane seal has not been clarified, though a recent report
suggests that the amphipathic helix of TatA and the Tat(AE)BC
oligomer work together to modulate the insertion depth of the
TatA TM domain, and hence, the strength of the membrane
weakening (Hou et al. 2018). Alternatively, a process similar to
that used by antimicrobial peptides (Yang et al. 2001; Sengupta
et al. 2008; Ebenhan et al. 2014) is reasonable, particularly for
those TatAmolecules not directly contacting Tat(AE)BC, suggest-
ing that a significant or substantial fraction of the edges of the
translocation conduit could be lipid. Lipid bilayers with a suffi-
cient percentage of positive curvature lipids can form sponta-
neous pores (Karatekin et al. 2003; Rodriguez, Cribier and Pincet
2006; Hamai, Cremer and Musser 2007), and TatA may be de-
signed to promote and/or stabilize such structures. Note that the
membraneweakening hypothesis and poremodels are not com-
pletely distinct pictures. For example, the lateral escape of lipids
from within an assembling pore before closure (Hamsanathan
et al. 2017) would fundamentally be a consequence ofmembrane
weakening.

WHY IS THE PMF REQUIRED FOR PROTEIN
TRANSLOCATION?

After transport, precursor proteins are converted into mature
proteins on the trans side of themembrane due to signal peptide
cleavage. Consequently, the precursor protein concentration is
higher on the cis side of the membrane (the precursor concen-
tration tends toward 0 on the trans side). Therefore, precursor
proteins migrate from high concentration to low concentration.
As only precursor proteins, not mature proteins, are substrates
for the Tat translocation machinery (mature proteins cannot
bind to the Tat translocon and migrate backwards across the
membrane), the transport process becomes irreversible upon
signal peptide cleavage. Thus, the fundamental overall process
catalyzed by the Tat machinery, moving a folded mature protein
domain (or protein complex, in the case of ‘hitchhiker’ transport)
across a membrane, is energetically downhill (precursor protein
moving from high concentration to low concentration). Though
uncleavable precursor proteins are transport competent (Maurer
et al. 2010; Hamsanathan et al. 2017), it has not been established
whether such proteins can be transported against a concentra-
tion gradient (in vitro transport efficiencies are typically <50%).
Why, then, is a pmf required for Tat-dependent protein translo-

cation? The common implicit assumption is that there is at least
one step in the translocation process that is thermodynamically
unfavorable, and thus, it requires an input (consumption) of en-
ergy (thermodynamic control). An alternate possibility is that
the pmf is required for a translocation step, but that energy con-
sumption does not actually occur (kinetic control). Considering
that there are multiple pmf-dependent steps (Bageshwar and
Musser 2007), both of these potential roles for the pmf may, in
fact, hold true. The following sections address these issues in
more detail and pose a series of fundamental open questions
and conundrums about the Tat transport process, primarily fo-
cusing on the role of the pmf, which reveal that our understand-
ing of the physical mechanisms involved is still quite poor.

DOES Tat TRANSPORT THROUGH THE PORE
REQUIRE THE CONSUMPTION OF ENERGY?

For Tat transport to consume energy stored in the pmf, ions
must flow down their electrochemical gradient. If these ions
are protons, they must move across the membrane in the di-
rection opposite to that in which the mature domain moves.
How could this occur? Considering the vast size difference be-
tween the protein cargos and protons, and their different trans-
port directions, one reasonable explanation is that protons and
cargo travel through distinct, independently controlled chan-
nels. These translocation events would not need to occur simul-
taneously. Alternately, protons and cargo could migrate through
the same channel, but in opposite directions. In this case, it is
unclear if the proton and cargo transport processes could be
independently controllable and, more importantly, how direct
coupling between proton and cargo movement could be distin-
guished from proton leakage through an open channel. For ei-
ther situation, there do not seem to be a sufficient number of
strictly conserved residues in the Tat proteins with pKa’s suit-
able for forming a proton wire across the membrane (Hicks et al.
2003; Walther et al. 2010; Rollauer et al. 2012; Ramasamy et al.
2013; Alcock et al. 2017).

Both components of the pmf, the electric field (�ψ) and pH
(�pH) gradients, store energy (Silverstein 1993), which can po-
tentially be coupled to Tat protein transport. The most detailed
studies of the energetics of the Tat transport process have been
carried out using the cpTat system (Cline, Ettinger and Theg
1992; Finazzi et al. 2003; Braun, Davis and Theg 2007). For the
OE17 cargo, which requires a �pH ≥ 1, ∼8 × 104 protons cross
the thylakoid membrane per cargo translocated (Alder and Theg
2003), establishing that the translocation of a large number of
protons occurs concomitant with the translocation of cargo,
and providing an upper limit for the energy input required for
transport. However, it has not been determined whether pro-
ton movement is necessary for the protein translocation event
(energetic driving force) or whether such proton movement is
a consequence of an open channel during cargo translocation
(leakage through the translocation channel). While a leak anal-
ysis performed in the presence of various transport incompetent
mutant precursor proteins indicated a steady-state proton leak
rate of ∼10% of that observed in the presence of wild-type pre-
cursor protein (Alder and Theg 2003), the leak rate when a pre-
cursor protein is within the translocation channel undergoing
active translocation has not been established. Thus, while the
presence of a pmf is clearly required for Tat transport, it has not
been established whether transport requires the consumption
of the energy stored within the pmf.
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One might argue that surely the movement of a large folded
protein through a hole in a membrane bilayer is a complex
energy intensive process. In fact, the opposite argument can be
readily made. Diffusion on the nanoscale is rapid—most pro-
teins move around the cell over many micrometers in seconds
(diffusion constants of ∼1–10 μm2/s; (Milo, Phillips and Orme
2016)). Therefore, once an open channel exists, why should
migration through a 5-nm long channel (approximate thickness
of the membrane bilayer) be slow or require energy? Taking
an example from a system where the translocation times of
folded proteins are known, single molecule measurements have
revealed that the time required for energy-independent passage
though the nuclear pore complex is <10 ms for numerous
cargos (Tu and Musser 2011). The nuclear pore is about an
order of magnitude longer than a membrane bilayer thickness
(∼50 nm vs ∼5 nm), and its interior is highly crowded (Fu et al.
2017; Konishi et al. 2017; Sakiyama, Panatala and Lim 2017).
The single molecule nuclear transport data indicate, therefore,
that the thermal fluctuations driving diffusional motion are
sufficient for translocation through a pore in the bilayer on the
millisecond timescale. Note that the free energy available within
a protein’s concentration gradient does not determine whether
a single molecule transports in either direction though a pore.
Rather, the concentration gradient determines the frequency
with which translocation can occur in both directions. That
is, translocations from the higher concentration to the lower
concentration occur more frequently (leading to a higher net
rate) simply because more molecules impinge on the pore from
the higher concentration side (Kopito and Elbaum 2007)—the
molecular movement through the pore itself is determined by
diffusional constraints. In short, there is no apparent theoret-
ical biophysical requirement that the transport of a Tat cargo
through an open pore must be coupled to energy input. Notably
and critically important, however, the opening (creation) and/or
closing (destruction) of a pore (gating) can certainly require, and
for many systems certainly does require, the input of energy.

WHY DOES TatA OLIGOMERIZATION WITH
Tat(AE)BC REQUIRE THE PMF?

The recruitment of TatA molecules to the Tat(AE)BC–substrate
complex requires a pmf (Dabney-Smith, Mori and Cline 2006; Al-
cock et al. 2013; Rose et al. 2013). As far as we know, it has not
been proposed that the pmf is consumed to drive this oligomer-
ization process (e.g. by proton transfer across the membrane),
nor are we aware of a potential mechanism. What, then, might
be the function of the pmf? It is well accepted that a mem-
brane protein may not retain its native conformation when it
is removed from its native lipid environment (e.g. upon ex-
traction with detergent or reconstituted into non-native mem-
branes). For proteins embedded in energetic membranes, the
pmf can also be considered to be part of their native envi-
ronment. It stands to reason, then, that the native, fully func-
tional conformation of a protein in an energetic membrane
may only be achieved in the presence of a pmf. The confor-
mational rearrangements of voltage-gated ion channels pro-
vide ample examples of significant pmf-driven conformational
changes (Tombola, Pathak and Isacoff 2006; Bezanilla 2008;
Catterall, Wisedchaisri and Zheng 2017). There are numerous
potential mechanisms whereby conformations or interactions
could be altered by the pmf: (i) charged amino acid side chains
and polypeptide segments can move in response to changes
in the �ψ or local pH; (ii) α-helices can reorient in response

to the �ψ due to their inherent dipole moments (which are
approximately equivalent to ± 0.5 charges separated by the
length of the helix), a process that can also be modulated by
(de)protonation; (iii) ions within a proteinaceous channel can re-
distribute in response to a pmf changes and thereby induce a
conformational change; and (iv) the �ψ can directly influence
pKa values, resulting in (de)protonation events that promote
conformational rearrangements (Sengupta et al. 2005; Bezanilla
2008). The finding that various charge mutants of TatA inhibit
disassembly of TatABC oligomers when the pmf is collapsed
(Alcock et al. 2017) supports the picture that changes in the
protonation state of charged residues directly influences the
thermodynamics of TatA oligomerization. However, an alter-
nate possibility that the mutated residues are involved in pmf-
independent interactions, such as those required for the struc-
tural stability of an intermediate.

DO THE CHLOROPLAST AND BACTERIAL Tat
SYSTEMS USE THE PMF IN THE SAME WAY?

Parsimony suggests that the Tat systems from different species
require the pmf for the same reason(s). However, there is some
evidence suggesting that the chloroplast and bacterial Tat sys-
tems may be influenced by the pmf in different ways. Both the
�ψ and �pH increase cpTat transport efficiency (Alder and Theg
2003; Braun, Davis and Theg 2007). In contrast, a �pH alone
does not promote bacterial Tat transport (Bageshwar andMusser
2007), arguing against a role for the �pH in promoting transport.
However, since the �pH is significantly lower in bacteria (≤1 vs
≥3 in plants) (Quintanilha and Mehlhorn 1978; Krulwich, Sachs
and Padan 2011), it may be that the thermodynamic threshold
required for transport (Alder and Theg 2003) was not achieved
in these experiments. More importantly, bacterial Tat transport
efficiency can be increased by a collapse of the �pH, presumably
due to a measurable increase in the �ψ (Bageshwar and Musser
2007). While it could be argued that this finding supports the
concept of interchangeability of the two components of the pmf,
as is expected for a pmf-driven machine (Wiedenmann, Dim-
roth and von Ballmoos 2008; Soga et al. 2012), the fact that trans-
port became more efficient suggests that the additional ther-
modynamic driving force generated by the increase in �ψ was
significantly higher than the thermodynamic loss from the col-
lapse of the �pH. It is unclear how this latter point could be
true under the chemiosmotic hypothesis, which assumes that
the thermodynamic loss from one gradient will be compensated
in the other (Mitchell 2011). Alternatively, if bacterial Tat trans-
port were driven solely by the �ψ , an increase in �ψ resulting
from the collapse of the �pH would result in a straightforward
increase in transport efficiency. While this picture argues that
the bacterial Tat system requires only the �ψ and not the �pH
gradient, we will continue to generalize and consider Tat trans-
port as pmf dependent for simplicity.

HOW MANY TRANSPORT SUBSTEPS ARE
INFLUENCED BY THE PMF?

The Tat transport process can be broken down into the fol-
lowing seven steps: (1) binding of a precursor protein to the
Tat(AE)BC receptor complex (possibly precluded by a lipid-bound
precursor intermediate (Musser and Theg 2000; Bageshwar et al.
2009)); (2) recruitment of TatA to the receptor–substrate com-
plex; (3) gating the channel open; (4) translocation of the ma-
ture domain through the channel; (5) gating the channel closed;
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(6) disassembly of the TatAn(E)BC complex; and 7) cleavage of
the signal peptide. The gating steps (3 and 5) may or may not be
distinct intermediates, particularly if rapid assembly and disas-
sembly of TatA is the primarymechanism to prevent ion leakage
across themembrane. However, when disassembly of TatA from
the TatAn(E)BC complex is inhibited by mutation of one or more
charged residues in TatA, the cells survive (Alcock et al. 2017),
suggesting the absence of a permanent leak, and therefore, the
presence of some gating mechanism.

How many of these seven steps are influenced by the pmf?
For the bacterial system, at least two distinct steps require a
�ψ—a short-duration, relatively high magnitude �ψ is required
early in the transport process and a long-lived, low magnitude
�ψ is needed for a later step (Bageshwar and Musser 2007).
Surprisingly, efficient transport was observed when the precur-
sor protein was added after collapse of the short-duration, high
magnitude �ψ (Bageshwar and Musser 2007; Whitaker, Bagesh-
war andMusser 2012), indicating that the precursor protein does
not need to be present during the intermediate state that makes
use of this �ψ . The most straightforward conclusion is that
something that occurs before step 1, the precursor binding step,
is the step influenced by the high magnitude �ψ . For example,
a conformational change or assembly step could be induced by
the �ψ before the precursor binding interaction. Energy recov-
ered from this�ψ could be stored (e.g. via high energy conforma-
tional structures) and then used in one or more later steps. Such
an energy storage mechanism undoubtedly precludes utilizing
the flow of a large number of ions to drive translocation events.
The fundamentally important consequence of these findings
and conclusions is that steps 2–7 (as outlined earlier) require no
further energetic input other than a low magnitude �ψ (<∼50
mV, below the detection limit) (Bageshwar and Musser 2007).
Since it is well established that step 2 requires a pmf (Dabney-
Smith, Mori and Cline 2006; Alcock et al. 2013; Rose et al. 2013),
and the second�ψ-requiring step seemsmost likely to occur be-
fore step 1, steps 3–7 could in fact be pmf-independent. This pos-
sibility does not necessarily conflict with the finding that tens of
thousands of protons cross the membrane during translocation
in the chloroplast system (Alder and Theg 2003) since, as dis-
cussed earlier, it was not determined whether this results from
leakage or whether these protons are necessary to drive translo-
cation. Not ruled out, then, is that a third pmf-dependent step
may exist within steps 3–7.

ARE THERE ‘RESTING’ AND ‘ACTIVE’
CONFORMATIONS?

Utilization of a high magnitude �ψ by the Tat transport sys-
tem without the precursor protein being present (Bageshwar
and Musser 2007) is an intriguing finding. How can this be ex-
plained? One possibility is that the pmf induces a conforma-
tional changewithin one ormore Tat proteins (or a Tat oligomer),
hence converting a ‘resting’ configuration into an ‘active’ config-
uration (Hamsanathan et al. 2017). For example, the Tat(AE)BC
receptor complex may be in a resting (inactive) configuration in
the absence of a pmf. A high magnitude �ψ could induce the
Tat(AE)BC receptor complex to convert into an active configu-
ration. In such a model, both resting and active conformations
may bind precursor proteins (possibly with different affinities),
but only the active form would be competent to recruit addi-
tional TatA. This model is consistent with the earlier argument
that the pmf is an essential environmental requirement for at
least some proteins in energetic membranes to achieve their

native structure. Intriguingly, the effect of a high magnitude
�ψ on transport is observed many minutes after its collapse
(Bageshwar and Musser 2007), suggesting a slow conversion
from an active to an inactive configuration. In short, it may only
be feasible to understand the true nature of the Tat transloca-
tion system under conditions of continuous pmf, which more
accurately resembles the in vivo conditions (Takizawa et al. 2007;
Krulwich, Sachs and Padan 2011).

DO TatABC OLIGOMERS DISASSEMBLE AND
REASSEMBLE FOR EACH CARGO
TRANSPORTED?

In contrast to the rapid (tens of milliseconds) conformational
cycling of voltage-gated ion channels, which respond to fre-
quent large fluctuations in the �ψ (Hoop and Peng 2000), the
Tat machinery is expected to experience a steady-state pmf
(Takizawa et al. 2007; Krulwich, Sachs and Padan 2011), and
thus, conformational changes during turnover are not expected
to be driven by fluctuations in the pmf. This conclusion sug-
gests that the disassembly of TatAn(E)BC oligomers that occurs
upon collapsing the pmf is a useful experimental tool, but it is
unlikely to reflect conditions normally experienced during the
translocation process. It is therefore important to question how
accurately this disassembly process reflects what occurs during
turnover. According to most current models, the TatAn(E)BC
oligomer disassembles after mature domain translocation even
in the presence of a pmf, but this has not been demonstrated
experimentally. More precisely, and of fundamental importance,
it is not known whether full (or even partial) disassembly is es-
sential before the next precursor molecule binds to the receptor
complex. Thus, it is possible that multiple precursor proteins
can bind to and be transported successively by the same
TatAn(E)BC oligomer with little or no disassembly/reassemble
between cycles. Based on quantitative mass spectrometry of 10
Tat substrates, an E. coli cell must transport over 6000 molecules
via the Tat system (Soufi et al. 2015). Considering a doubling
time of ∼20 min (Sezonov, Joseleau-Petit and D’Ari 2007) and
∼5 Tat translocons/cell (Alcock et al. 2013), these values predict
that each translocon must transport a cargo protein in <∼1 s. It
is uncertain whether this time is sufficient for a complete cycle
of TatA and Tat(AE)BC assembly and disassembly. Note that
while the number of translocons/cell is likely an underestimate,
as entire E. coli cells were not visible in 2D images (Alcock et al.
2013), this is potentially compensated by an underestimate
of the number of Tat cargos transported per cell division, as
there are ∼28 Tat substrates in E. coli (Berks, Palmer and Sargent
2003) (http://www.lifesci.dundee.ac.uk/groups/tracy palmer/
docs/signals.htm). More importantly, since numerous Tat sub-
strates are required for anaerobic respiration (Berks, Palmer
and Sargent 2005; Lee, Tullman-Ercek and Georgiou 2006),
the total number of Tat cargos is most likely higher under
anoxic conditions (Jack et al. 2001) compared with the aerobic
conditions of the cells analyzed by mass spectrometry (Soufi
et al. 2015), suggesting an even higher capacity of the Tat
system, which has similar expression levels (within a factor
of two) under aerobic and anaerobic conditions (Jack et al.
2001).

OUTLOOK

The Tat transport system solves a seemingly complex problem,
namely, transporting a large folded protein through amembrane
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without the collapse of ion gradients. Current models propose a
series of complex conformational changes and rearrangements
that are linked in a poorly defined manner to the required pmf.
In this minireview, we have presented a series of questions that
challenge numerous basic assumptions with the goal of moti-
vating future efforts to obtain more refined answers. As a guid-
ing principle, we note that complex models and explanations
can always be generated; however, nature tends toward simplic-
ity inmechanism and rules. So, as a final question, we ask, is Tat
transport as complicated as it seems, or are we missing some
basic simplifying principles?
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