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Twin-arginine translocation-arresting protein
regions contact TatA and TatB

Abstract: Tat systems translocate folded proteins across
biological membranes of prokaryotes and plant plastids.
TatBC complexes recognize N-terminal Tat signal pep-
tides that contain a sequence motif with two conserved
arginines (RR-motif), and transport takes place after a
recruitment of TatA. Unfolded Tat substrate domains
lower translocation efficiency and too long linkers lead
to translocation arrest. To identify the components that
interact with transported proteins during their passage
through the translocon, we used a Tat substrate that
arrests translocation at a long unfolded linker region,
and we chose in vivo site-directed photo cross-linking to
specifically detect the interactions of this linker region.
For comparison, we included the interactions of the sig-
nal peptide and of the folded domain at the C-terminus of
this construct. The data show that the linker contacts only
two, structurally similar Tat components, namely TatA
and TatB. These contacts depend on the recognition of the
Tat-specific signal peptide. Only when membrane trans-
location of the globular domain was allowed - i.e., in the
absence of the linker — we observed the same TatAB-con-
tacts also to the globular domain. The data thus suggest
that mature protein domains are translocated through a
TatAB environment.
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Introduction

The transport of folded proteins across biological mem-
branes can be necessary, e.g., in cases when proteins have
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to assemble cofactors or when protein folding cannot be
efficiently prevented before transport. In prokaryotes
and plant plastids, the twin-arginine translocation (Tat)
pathway serves this purpose (Palmer and Berks, 2012).
Surprisingly, only a membrane energetization and mini-
mally only two unique membrane proteins are required
for function (Goosens et al., 2014). These membrane
proteins — termed TatA and TatC - are small proteins
with usually lower than 10 or 30 kDa molecular mass,
respectively. In plants as well as in the model bacterium
Escherichia coli, a third component — TatB — exists, which
resembles TatA but has a higher affinity to TatC (Sargent
et al., 1999; Bolhuis et al., 2001). Tat proteins can oli-
gomerize to form large associations or complexes (Oates
et al., 2005; Richter and Briiser, 2005). A series of trans-
location events mediates the passage of the protein sub-
strate through the membrane (Hou and Briiser, 2011). It is
clear that TatBC complexes recognize N-terminal signal
peptides of Tat substrates by their eponymous ‘twin-argi-
nine’ (RR-) motif, which includes two adjacent arginines
in a conserved environment (Cline and Mori, 2001). After
this recognition, a number of TatA protomers are recruited
and currently believed to form a punctually destabilized
membrane in direct vicinity to TatBC (Briiser and Sanders,
2003; Dabney-Smith et al., 2006; Rodriguez et al., 2013).
Then the folded ‘mature domain’ of the Tat substrate is
somehow channeled through this TatA-containing asso-
ciation. This step may be triggered by TatBC-mediated
signal peptide pulling (Briiser and Sanders, 2003; Rodri-
guez et al., 2013). In agreement with this hypothesis, TatC
can remain bound to the signal peptide throughout trans-
location and it has been shown to have a signal peptide
insertase activity (Gerard and Cline, 2006; Frobel et al.,
2012).

So far, no late translocation intermediate could be
identified where a substrate was trapped in its natural
environment during the membrane passage. To artifi-
cially generate such trapped substrates, long unfolded
peptides were inserted in between Tat signal peptides
and folded globular domains (Cline and McCaffery, 2007;
Lindenstrauf and Briiser, 2009). In studies on the plant
TatABC system, the trapped substrates appeared to be
immediately released from the translocon, as (i) no Tat
components could be detected in the environment of such
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constructs and as (ii) this translocation arrest did not neg-
atively affect subsequent translocation of other Tat sub-
strates in vitro (Cline and McCaffery, 2007). Translocation
of trapped substrates is thus aborted. A cross-linking with
actively translocating systems should allow for the detec-
tion of the specific environment of the unfolded translo-
cation-arresting regions during membrane-passage or
thereafter. A site-specific cross-linking that selectively
addresses the environment of the unfolded translocation-
arresting protein domain has not been carried out so far.
In contrast, Tat cross-links to folded mature domains of
translocation-compatible Tat substrates have been inten-
sively studied and a translocation through a TatA envi-
ronment has been proposed (Briiser and Sanders, 2003;
Maurer et al., 2010; Aldridge et al., 2012; Pal et al., 2013;
Rodriguez et al., 2013).

Using in vivo site directed cross-linking, we addressed
the question which Tat system components are contacted
by translocation-arresting unfolded regions of mature
domains of Tat signal peptide-containing proteins. The
data show that mature domains of Tat substrates contact
TatA and especially TatB components, which likely sur-
round substrates when they traverse the membrane.

Results

In E. coli, the Tat machinery is used for translocation of
folded proteins across the cytoplasmic membrane. In
studies on plant and bacterial Tat systems, long unfolded
linker peptides that are inserted in between Tat signal
peptides and globularly folded domains have been shown
to abort Tat translocation (Cline and McCaffery, 2007;
Lindenstraufl and Briiser, 2009). In the plant study, a
(G1y4Ser)15-linker was used to abort translocation and
no Tat components could be detected that contacted the
mature domain of this construct, suggesting a rapid dis-
sociation from translocon components after transloca-
tion abortion (Cline and McCaffery, 2007). In case of the
bacterial study, the natively unfolded FG-repeats of yeast
nuclear pore protein Nsp1p have been used as linkers (Lin-
denstrauf’ and Briiser, 2009). Contacts of these constructs
to Tat components have not been examined at that time.
For that purpose, we introduced the artificial photo-
activatable cross-linker amino acid p-benzoylpheny-
lalanine (pBpa) in vivo into selected positions of the
translocation-aborting Tat substrate. We used the RR-
(FG10)-HiPIP substrate that contains a 205-residue linker
of ten natively unfolded FG-repeats in tandem (FG10) sand-
wiched in between the Tat-specific signal peptide and the
tightly folded mature domain of the model Tat substrate
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HiPIP (Figure 1A). RR-(FG10)-HiPIP has previously been
shown to abort Tat transport (Lindenstrau3 and Briiser,
2009). Similar to the (Gly,Ser) .-linker constructs that had
been used in studies on the plant Tat system, over-produc-
tion of RR-(FG10)-HiPIP does not compromise Tat trans-
port of other substrates, which is suggestive of a release of
arrested substrates from the translocon. For example, the
Tat system can still translocate the natural Tat substrate
TorA or the amidases AmiA and AmiC under these condi-
tions, which ensures proper cell separation after cell divi-
sion (Figure 1BC). Without Tat transport of these amidases,
cell chains are formed [Figure 1C, left, and (Ize et al., 2003)].
For ribosomal incorporation of pBpa at desired positions,
we used an orthogonal suppressor tRNA/aminoacyl tRNA
synthetase pair that was developed by the group of Peter
G. Schultz to specifically translate TAG stop codons into
pBpa (Chin et al., 2002; Ryu and Schultz, 2006; Young
et al., 2010). pBpa was thereby placed at position A13 and
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Figure1 The Tat-system is not blocked by translocation-arresting
Tat-Substrates.

(A) Scheme of the studied linker-containing Tat substrate RR-(FG10)-
HiPIP and positions of the introduced cross-linking amino acids.
The globular HiPIP structure was generated using protein data

bank (PDB) 1hip coordinates and the Swiss-PDB-viewer (Guex and
Peitsch, 1997). (B) TorA can be translocated when RR-(FG10)-HiPIP is
produced. Strains carrying the rhamnose-inducible pBW-RR-(FG10)-
HiPIP vector or the corresponding empty vector were grown with

or without induction, and TMAO-reductase activity was detected in
the corresponding periplasmic fractions. In one culture (last lane
‘-TMAQ’), TMAO was omitted to confirm the TMAO-dependence of
the band. The lower blot shows the production of RR-(FG10)-HiPIP
in cell extracts of the cultures. (C) Microscopic analysis of the chain
formation phenotype in strains MC4100 pRK-tatABC/pEvolpBpF/
pBW-FG10-hip-F148pBpa (RR/KK variants) under induced (+) and
non-induced (-) conditions. The Tat-deficient strain DADE (Atat)
served as a positive control for the chain formation phenotype (left
panel). Recombinantly produced RR-(FG10)-HiPIP did not interfere
with cell division and thus did not block Tat transport.
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F32 of the signal peptide, at the F position of FG repeats 3,
6, and 9 (F91, F148, F205), and at position 1257, which is an
exposed residue on the surface of the folded HiPIP domain
(Figure 1A). Cross-links were induced by UV-illumination
and detected after affinity enrichment by Western blotting.
To address RR-motif dependence and thus a dependence
of the cross-links from TatBC-recognition, we also exam-
ined RR>KK variants in which the two conserved arginines
of the twin-arginine motif were charge-conservatively
exchanged by lysines. This exchange strongly reduces the
affinity to TatBC and thereby selectively inhibits or abol-
ishes Tat transport (Halbig et al., 1999; Stanley et al., 2000;
Cline and Mori, 2001; Alami et al., 2003).

The cross-links to signal peptide positions are shown
in Figure 2. For the detection of transient Tat contacts by
cross-links that are generated with actively transporting
systems in vivo in the presence of high levels of interact-
ing chaperones etc., a ~200-fold enrichment of the sub-
strate by affinity purification and TCA precipitation was
required. For comparison of cross-link efficiencies, the
non-enriched solubilized membrane fraction was always
loaded on the same gel (left lane). Up to ~3% of the Tat
components were cross-linked, detectable as shifted
bands in elution fractions 2 and 3 of the affinity chroma-
tographies. The intensities of the specific signals were
comparable to in vitro studies that could use selectively
radiolabeled substrates to increase the assay sensitivity
(Alami et al., 2003). In agreement with these studies, TatB
and TatC cross-links to the signal peptide were strongly
enhanced by the intact RR-motif, which indicates the
recognition of the RR-motif by TatBC complexes (Figure
2A). These cross-links were most prominent at position
F32. Residual cross-linking to KK-variants is expected as
physiological studies indicate low-efficient Tat-depend-
ent translocation of RR>KK mutated Tat substrates (Ize
et al., 2002; Kreutzenbeck et al., 2007). The contacts to
TatBC are in line with the view that a large region of the
signal peptide is bound by actively translocating TatBC
complexes. TatA cross-links to the signal peptide were less
influenced by the twin-arginine motif.

To examine the possible PMF-dependence of the
signal peptide Tat interactions, we carried out the cross-
linking experiments in the presence of 100 uMm carbonyl
cyanide m-chlorophenyl hydrazone (CCCP), a protono-
phor commonly used to abolish the PMF (Alami et al.,
2003; Berthelmann et al., 2008). While the interactions
to position A13 were not compromised under these condi-
tions, we detected a very strong reduction of TatABC cross-
links to pBpa at position F32, indicating that this region
of the signal peptide requires the PMF to tightly associate
with TatABC (Figure 2B).
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Figure 2 The signal peptide is in direct environment to TatABC.

(A) In vivo site directed photo cross-linking analyses of RR/KK signal
peptide interactions with TatABC. Positions of pBpa are indicated.
Cross-links to the Tat components were detected in elution fractions
2 and 3 after Western blot analyses using indicated Tat specific
antibodies. Note that twin-lysine (KK) variants showed weaker
cross-links to TatB and TatC, whereas TatA cross-links were less
influenced. (B) Analysis of the effect of 100 um CCCP on in vivo
cross-linking to TatABC. Experiments were carried out as described
under (A), using the indicated substrates. Molecular weight stand-
ards are indicated at the right. *, single cross-links; +, additional
cross-links; M, membrane fraction; E, elution fraction.
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The cross-links to the linker region readily revealed
that the linker is in close proximity to TatA and TatB
(Figure 3A). Especially the TatB cross-links were pro-
nounced. Double bands indicated either processing (the
tagged C-terminus of the substrate must have been intact
for the affinity purification) or heterogeneous migration
behavior of the cross-linked products (see Discussion). In
case of TatA cross-links, we repeatedly detected smaller
degradation bands that may reflect some proteolysis after
affinity enrichment. The RR>KK mutation depleted all
cross-links with the linker region (Figure 3B), indicating
that TatA and TatB contact the linker region after TatBC
complex recognition, which can be any step from binding
to release of the transported substrate. In the in vivo exper-
imental setup, in which CCCP affects the systems’ ener-
getization (ATP levels), the formation of the cross-links
did not depend on the PMF (Figure 3B, right blots). Due
to the requirement of substrate production prior to CCCP
addition in the in vivo assay system, the cross-links cannot
differentiate between already membrane-inserted linker-
substrates or substrates that are bound at the translocon
(see Discussion). A selective stabilization of the largest
TatB-cross-link by CCCP is suggestive for inhibited prote-
olysis of already membrane-inserted linker-substrate in
de-energized cells.
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We finally assessed the Tat component contacts of the
globular HiPIP mature domain and chose a single hydro-
phobic residue on the surface of HiPIP for substitution by
pBpa (1257; corresponds to 152 in natural HiPIP precur-
sor, Figure 4). To examine the effect of the linker on these
interactions, we included also the translocation compe-
tent natural HiPIP in these analyses. Before cross-linking
was carried out, we ensured that pBpa does not inter-
fere with cofactor assembly and stability of HiPIP. Like
natural HiPIP, pBpa-containing HiPIP was highly stable
so that the [4Fe-4S]*/3* cofactor remained bound even in
ESI-mass-spectrometry analyses (Figure 4B). The purified
HiPIP showed the correct precursor mass (the N-terminal
methionine removed) as well as the mass of correctly
processed translocated HiPIP. The UV-vis spectrum of
the pBpa-containing variant was identical to the charac-
teristic spectrum of natural HiPIP with the exception of
additional UV-absorption that was due to the single incor-
porated aromatic pBpa (Figure 4C). The selected residue
was therefore perfectly suited to perform cross-linking at
the surface of the globular HiPIP domain (Figure 4D).

The linker-free natural HiPIP showed strong con-
tacts to TatB and TatA. Additional TatB signals at higher
molecular weight suggest that more than one substrate
can cross-link to individual TatB protomers. The TatA
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Figure 3 The linker region shows pronounced TatB contacts and weak TatA contacts.

In vivo site directed photo cross-linking analyses of linker interactions with TatABC. (A) Scheme of the RR-(FG10)-HiPIP fusion construct

with indicated pBpa cross-linker positions and blots of the corresponding cross-link-detections, using indicated Tat specific antibodies.

(B) Strict RR-dependence and PMF-independence of the cross-links to TatA and TatB. Left and middle blots: Direct comparison of RR-(FG10)-
HiPIP and KK-(FG10)-HiPIP cross-links at indicated positions. Right blots: Dissipation of the PMF by CCCP does not reduce the cross-links, as

shown with position F148pBpa. See Figure 2 for more details.
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Figure 4 TatB cross-links to the folded globular domain depend on
transport compatibility.

(A) Position of 152 (green) on the surface of the HiPIP mature domain.
The model was generated by Swiss PDB-viewer (Guex and Peitsch,
1997) using PDB-1hip (Carter et al., 1974). Surface colours indicate the
electrostatic potential (negative/red to positive/blue). (B) ESI-MS spec-
trum of HiPIP-152pBpa after purification from the soluble fraction. Mass
peaks correspond to precursor or mature HiPIP with incorporated [4Fe-
4S]2*/>* cluster and pBpa at position 52 (preHoloHiPIP-pBpa, matHolo-
HiPIP-pBpa). Low-abundant of degradation signals all correspond to
cleavages in the signal peptide region (some positions relative to
full-length are indicated). (C) UV-Vis spectra of HiPIP (dashed line),
HiPIP-152pBpa (continuous line) and pBpa (dotted line) alone. The
iron-sulfur cofactor absorbance around 390 nm indicates cofactor
content of both proteins. The additional absorbance in the UV region of
the HiPIP variant is due to pBpa absorbance at 265 nm (Kauer et al.,
1986). (D) In vivo photo cross-linking analyses of HiPIP-152pBpa (left
panels, — linker) and the linker variant HiPIP-(FG10)-1257pBpa (right
panels, + linker) showing interactions of the folded HiPIP domain

to the Tat components. RR>KK mutated variants are included to
examine RR-dependence of the cross-links. Molecular weight stand-
ards are indicated at the left. See Figure 2 for more details.

cross-links were significantly enhanced by the recogni-
tion of the RR-motif, and TatB cross-link signals were
completely RR-dependent, indicating that TatAB contacts
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require the RR-motif recognition by TatBC. The TatB cross-
links were well-resolved bands that did not indicate any
processing of the cross-linked protein. The analyses of
the linker-containing construct revealed that TatB con-
tacts to the globular domain were completely abolished
by the linker. Weak, largely RR-independent TatA contacts
were still detectable. Together, these data suggest that the
folded mature domain only contacts TatB when it can be
translocated, which implies that TatB co-operates with
TatA at this stage of translocation.

Discussion

Without translocation arrest, membrane-translocated
proteins are only very transiently in the environment of
the translocon components. To analyze the translocon
and substrate interactions during membrane passage,
incompletely translocated stages are often generated
artificially, and the accumulating translocation inter-
mediates can then be used for biochemical or biophysi-
cal analyses [e.g., (Hou et al., 2012; Gogala et al., 2014;
Park et al., 2014)]. In case of the Tat system that trans-
ports fully folded proteins, incomplete folding can result
in translocation arrest that can be harmful to the cells
(Richter and Briiser, 2005). Such a translocation arrest
can be artificially induced by long unfolded linker pep-
tides that are fused to folded globular protein domains
(Cline and McCaffery, 2007; Lindenstraufl and Briiser,
2009). However, the Tat translocon is not completely
blocked by such translocation arrests and results in trans-
location abortion that allows for new translocation cycles
with newly recruited substrates (Cline and McCaffery,
2007) (Figure 1B). The Tat system thus seems to have a
way to liberate arrested proteins. It is very likely that this
mechanism relates to the natural recruitment and release
of TatA in the translocation cycle (Mori and Cline, 2002),
which can function as an intrinsic rescue pathway when
the translocon is jammed. While Tat components did not
interact with (Glyl‘Ser)15 linker-containing translocation-
aborted Tat substrates (Cline and McCaffery, 2007), our
detection of TatA and TatB interactions to the FG10-linker
points to more persistent Tat interactions of this very
distinct linker: The FG10-repeat is highly charged (30%
K/D/E), rich in flexible residues (41% G/S/T/A), and
contains two single hydrophobic residues (L/F) in each
repeat. It is likely that dissociation rates from Tat compo-
nents depend on structural properties, and the (Gly,Ser) .
linker most likely cannot mediate any significant interac-
tion with the system.
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The linker contacts to TatA and TatB as well as the
signal peptide contacts to TatB and TatC were clearly RR-
dependent (Figures 2 and 3). RR-dependence indicates
physiologically relevant contacts that are mediated by
the interaction of the RR-motif with the TatBC complex
(Kreutzenbeck et al., 2007; Lausberg et al., 2012). TatA
contacts to the signal peptide and to the folded mature
domain showed less or no RR-dependence, which might
point to an autonomous TatA interaction in vivo, such as
described in Tat systems of other organisms (Pop et al.,
2003; De Keersmaeker et al., 2007). While the RR-depend-
ent signal peptide contacts obviously correspond to the
substrate recognition step, the RR-dependent linker cross-
links can be also due to any contacts of later translocation
stages, such as the membrane passage or the substrate
release. In many cases, we observed split signals, two
closely migrating bands that may represent partial pro-
teolytic degradation or simply differences in migration
behavior depending on the cross-link position. In case
of the TatA cross-links, the latter explanations are likely,
as even the cross-link to linker-free HiPIP gave a doublet
signal (Figure 4). With TatB cross-links, such doublet
signals may represent partial N-terminal proteolysis, as
these doublets were only seen in linker constructs that in
principle can allow for the dissociation of signal peptides
from translocons that are cross-linked to the substrate at
linker positions far away from the signal peptide (Figure
3). A dissociation of the signal peptide from the Tat system
has been shown to be a prerequisite for signal peptide
cleavage and likely is required for any N-terminal prote-
olysis (Gerard and Cline, 2006; Frielingsdorf and Kl6sgen,
2007). It should be noted that the cross-links of the linker
region were not enhanced in comparison to cross-links to
the mature domain of linker-less HiPIP (Figures 3 and 4),
which fully agrees with the view that the linker results in
translocation abortion and dissociation of the translocon
components (Cline and McCaffery, 2007).

The TatA data agree with the currently accepted view
that translocation occurs through a TatA association in
close contact to TatBC complexes (Briiser and Sanders,
2003; Aldridge et al., 2012; Pal et al., 2013; Rodriguez
et al., 2013). Only in the linker region, TatA cross-links
are clearly RR-dependent (Figure 3), which adds further
evidence for a TatA environment that is generated during
transport whereas TatA appears to interact with the
signal peptide and the mature domain of HiPIP also RR-
independently (Figures 2 and 4). However, our cross-links
show TatB contacts that are at least as strong as TatA
contacts, suggesting that TatB can co-operate with TatA
in this step. Although it cannot be excluded that flexible
linkers contact C-terminal regions of TatB in nearby TatBC
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complexes, it has to be recognized that similar TatC con-
tacts were not observed. Moreover, in vivo cross-linking
was carried out with actively translocating translocons
over a time scale of 30 min, and the method should thus
detect any contacts throughout the translocation cycle.
The fact that the TatAB cross-links could also be detected
with the globular domain if only this domain was allowed
to traverse the membrane - i.e., in the absence of the
linker — strongly suggests that translocation takes place
through a TatAB environment. The linker cross-links were
independent from the PMF, which discloses limitations of
the in vivo test system that cannot differentiate whether
detected contacts correspond to substrate that accumu-
lated in membranes prior to CCCP-addition or to bound
substrate prior to PMF-dependent steps (Figure 3). The
latter scenario is highly unlikely, since we cross-linked
in actively transporting cells and since the linker alone is
known to be Tat-dependently translocated (Richter et al.,
2007; Lindenstraufy and Briiser, 2009). Support for the
accumulation-scenario comes also from the observation
that the upper band of the double band was reproduc-
ibly enhanced by CCCP-treatment, implying CCCP-effects
of ATP-dependent proteolysis of membrane-accumulated
linker-substrates. Moreover, the F32 position of the signal
peptide strongly contacted PMF-dependently TatABC,
reflecting an active movement of the end of the signal
peptide h-region into an environment tightly associated
with TatABC (Figure 2). Obviously, the signal peptide of
the linker-construct is transported, resulting in some
membrane-inserted species. The proposed signal peptide-
binding groove of TatC spans the membrane (Rollauer
et al., 2012; Ramasamy et al., 2013) and therefore the com-
plete h-region of the signal peptide should interact with
the translocon at least in actively translocating systems.
Our cross-linking data now for the first time support this
experimentally in a bacterial system and clearly differ-
entiate between a PMF-independent binding of the RR
motif to TatABC and a PMF-dependent signal peptide
movement, most likely into the almost trans-membrane
positioned binding pocket. This is in full agreement with
studies on the plant system that demonstrated a PMF-
dependent deeper binding of signal peptides into TatBC
complexes (Gerard and Cline, 2007). In that study, the
complete signal peptide insertion was inhibited by TatA
antibody-treatment, whereas in our in vivo system the
signal peptide will be membrane-inserted due to the pres-
ence of all active components.

A closer look at the TatB component renders the
above described ‘TatA/TatB-co-operation scenario’ very
likely: TatB belongs to the same protein family and appar-
ently originates from a gene duplication of TatA (Yen
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et al., 2002). In early studies that used a very sensitive
physiological translocation assay to examine the effect of
tat gene deletions on Tat transport, a residual Tat trans-
port by TatBC systems in the complete absence of TatA
has been observed (Ize et al., 2002). Albeit the used assay
was extremely sensitive, these studies showed that TatB
can in principle complement (with very low efficiency)
for the function of TatA. The membrane permeabiliza-
tion is currently believed to mainly relate to the unusual
N-terminal TatA membrane anchor with a short stretch of
only 13 consecutive hydrophobic residues that weakens
the membrane when many TatA protomers cluster (Rod-
riguez et al., 2013). However, TatB has exactly the same
unusual membrane anchor characteristics and there is no
reason to believe that this highly conserved TatB feature
is coincidental. The differentiation between TatA and
TatB is quite artificial as there is no clear differential func-
tionality attributed to either component yet. TatB can be
regarded as a TatA that interacts more strongly with TatC
at the site of translocation (Hou and Briiser, 2011). The
generally accepted 1:1 ratio of TatB:TatC (Bolhuis et al.,
2001), which is seen in the detergent-stable core complex,
is significantly altered to up to 4:1 already by single point
mutations (Barrett et al., 2005) and it is thus possible that
additional TatB is present at lateral positions that are cur-
rently reserved for TatA. Trans-membrane-domains of
TatA and TatB have been reported to co-operate (Barrett
and Robinson, 2005), single amino acid exchanges in TatA
have been shown to make TatB dispensable (Blaudeck
et al., 2005), TatAB complexes have been described (Oates
et al., 2005), and TatB is produced in a two-fold excess
over TatC in E. coli (Jack et al., 2001). Moreover, the TatA
contents can be very low in plant species (Jakob et al.,
2009), and TatA and TatB functions in naturally occurring
TatAC systems are carried out by a single protein that is
then termed TatA (Goosens et al., 2013). Such bifunctional
TatA can even complement tatA and tatB mutations in
E. coli (Barnett et al., 2008). All these observations question
the rather arbitrary distinction of TatA and TatB functions
in active translocons and are suggestive for highly similar
substrate interactions of the TatA and TatB components,
which most likely differ only in their affinities to TatC.

Our data would agree with the scenario that TatB and
TatA co-operate to form the environment of the trans-
located protein, and the unusual short hydrophobic
stretches in the membrane anchors of both components
are likely to play a key role in the process of assembly and
membrane destabilization. We cannot tell whether the
detected TatB originated from TatBC complexes or from
TatAB complexes, but at the active TatABC translocon
these differentiations may become meaningless anyway.
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Materials and methods

Strains and growth conditions

Escherichia coli strain MC4100 ara® (Casadaban, 1976) was used for
in vivo photo cross-linking, and E. coli XL1-Blue Mrf’Kan (Stratagene)
was employed for cloning. Strains were grown aerobically at 37°C on
LB medium (1% tryptone, 1% NaCl, 0.5% yeast extract) in the presence
of appropriate antibiotics (100 pug/ml ampicillin, 25 ug/ml chloram-
phenicol, 12.5 ug/ml tetracycline). For anaerobic growth, LB medium
was supplemented with 0.5% glycerol and 0.4% nitrate. TMAO reduc-
tase (TorA) production was induced by addition of 1.1% TMAO. When
indicated, proton motif force (PMF) was abolished by addition of
100 uM carbonyl cyanide 3-chlorophenylhydrazone (CCCP).

Plasmids and genetic methods

The plasmid pEvolpBpF that encodes an orthogonal pBpa-specific
suppressor tRNA/aminoacyl tRNA synthetase pair was used for incor-
poration of pBpa at introduced amber stop codons (Young et al.,
2010). The tatABC genes were constitutively ~15-fold expressed by the
plasmid pRK-tatABC (Briiser et al., 2003). Tat signal peptide-linker-
HiPIP fusion proteins containing the HiPIP signal peptide fused to
10 natively unfolded FG repeats and the C-terminally his -tagged
mature domain of HiPIP were produced using pBW-FG10-hip (Richter
et al., 2007). Amber stop mutations were inserted by QuikChange™
mutagenesis with pBW-R10-hip and pBW-R10-hip-KK as template in
combination of forward primers and complementary reverse prim-
ers. The position 13 encoding for alanine and position 32 encoding for
phenylalanine in the HiPIP signal peptide was exchanged to amber
stop codon using forward primers hip-RR-A13pBpa-F (5-AGC AAG
AGC CGT CGT GAC TAG GTC AAA GTG ATG CTG-3), hip-KK-A13pBpa-F
(5"-AGC AAG AGC AAG AAA GAC TAG GTC AAA GTG ATG CTG-3’) and
hip-F32pBpa-F (5’-ATC AAC CTG GTC GGT TAG GGC ACC GCC CGT GCC-
3’). The phenylalanine codon of the FG repeat 3, 6 and 9 was mutated
using forward primers FG3pBpa-F (5-AAG CCT GCC TTC TCA TAG GGT
GCT AAG CCA GAA3), FGépBpa-F (5-AAG CCG GCA TTC TCT TAG
GGA GCA AAG TCT GAT G-3') and FG9pBpa-F (5"-AAA CCA GCT TTC
TCA TAG GGT GCC AAA TCA AAT G-3'), respectively. For constitutive
HiPIP production, the plasmids pEXH5tac-H6 and pEXH5tac-KK-H6
were used. A C-terminal His -tag-coding sequence was fused to the hip
gene by cloning the corresponding Pvul fragment from pEXH7 into
the Pvul-digested pEXH5tac/pEXH5tac-KK (Briiser et al., 1998). Posi-
tion 152 in the mature domain of HiPIP and the corresponding site in
the linker construct (1257) were mutated to amber stop codons using
the template pEXH5tac-H6/pEXH5tac-KK-H6, pBW-R10-hip (RR/KK)
and the primer hip-152pBpa-F (5’-GAC GAT GCG ACC GCG TAG GCC
CTC AAG TAC AAC-3’) in conjunction with the complementary reverse
primer. All constructs were confirmed by DNA sequencing.

Biochemical methods

For incorporation of pBpa at amber stop codon positions in strains
carrying the pEvolpBpF system, 100 um pBpa were added simul-
taneously with 100 um L-arabinose together with or without 6 mm
L-thamnose to growing cultures 3 h before UV cross-linking. pBpa
was activated by irradiation with UV light at 365 nm for 30 min
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at ambient temperature. Membranes were prepared according to
standard protocols (Briiser et al., 2003) and solubilized for 30 min in
20 mM Tris-HCl, pH 8.0, 3% SDS. The preparation was diluted with
detergent-free buffer to 0.1% SDS, non-solubilized material was sepa-
rated by ultracentrifugation (130 000xg, 30 min, 25°C), and the super-
natant was used for affinity chromatography. Affinity purification was
carried out as described elsewhere (Lindenstrauf and Briiser, 2009),
but under denaturing conditions (0.1% SDS). Elution fractions 2 and 3
were 6-fold concentrated by trichloroacetic acid precipitation, result-
ing in a total enrichment of ~200-fold in the analyzed elution frac-
tions. Nitrocellulose membranes were used for Western blotting and
proteins were detected by the ECL system (GE Healthcare Europe, Frei-
burg, Germany) using antibodies directed against C-terminal peptides
of TatA, TatB, TatC, or full-length HiPIP. For structural analysis of
HiPIP variants, cells were harvested at OD_, . _=2.5. Protein was puri-
fied from the soluble fraction by Ni-NTA chromatography (Linden-
straufl and Briiser, 2009). Fractions containing the purified HiPIP were
combined and dialyzed against 20 mm Tris-HCl, pH 9.0 and loaded on
a DEAE-Sephacel (GE Healthcare Europe, Freiburg, Germany) column,
equilibrated with the same buffer. Bound HiPIP was eluted by shift to
pH 6.8 with 50 mm ammonium acetate. The eluted HiPIP-containing
fractions were pooled and concentrated by ultrafiltration centrifuga-
tion (5 kDa cut off). Spectra were recorded on a UVICON 900 double
beam spectrophotometer (Kontron Instruments, Neufahrn, Germany).
Samples were analyzed by ESI-MS with the use of an LTQ-OrbitrapXL
mass spectrometer (ThermoFisher Scientific, Bremen, Germany).
Mass spectra of peptides were acquired offline by nanoESI (Proxeon,
Odense, Denmark) in the positive ionization mode. The m/z range was
200-2000 and the resolving power was R=30 000 at m/z 400. Frag-
ments induced by CID (collision-induced dissociation) were detected
in the orbitrap mass analyzer. For microscopy, strains were cultivated
to exponential growth phase under induced and non-induced condi-
tions and visualized by differential interference contrast using Axio
Imager.M2 and AxioCam Mrm digital camera (Zeiss, Jena, Germany).
For preparation of periplasmic fractions by osmotic shock, cells from
exponentially growing anaerobic cultures (50 ml) were harvested
(4500xg, 4°C) and resuspended in 20 ml 20% sucrose/10 mM Tris-HCl
pH 8.0/1 mMm EDTA, incubated for 10 min at room temperature, and
again sedimented. The supernatant-free cell pellet was resuspended
inice-cold 1 ml 5 mm MgSO, and incubated for 20 min on ice. Shocked
cells were sedimented (9500xg, 4°C) and the periplasm (supernatant)
was carefully collected. TorA activity was detected in native gels as
described elsewhere (Silvestro et al., 1989).
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