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(Background: The membrane proteins, TatA, TatB, and TatC, enable the transmembrane passage of folded precursor

Results: The transmembrane helix of TatA makes contacts with TatC and precursors recognized by the TatBC complex.
Conclusion: Following its insertion into the TatBC receptor complex, a Tat signal sequence contacts a nearby monomer of

Significance: TatA interacts with twin-arginine precursors prior to the actual translocation event.

J

Twin-arginine translocation (Tat) is a unique protein trans-
port pathway in bacteria, archaea, and plastids. It mediates the
transmembrane transport of fully folded proteins, which harbor
a consensus twin-arginine motif in their signal sequences. In
Gram-negative bacteria and plant chloroplasts, three mem-
brane proteins, named TatA, TatB, and TatC, are required to
enable Tat translocation. Available data suggest that TatA
assembles into oligomeric pore-like structures that might func-
tion as the protein conduit across the lipid bilayer. Using site-
specific photo-cross-linking, we have investigated the molecular
environment of TatA under resting and translocating condi-
tions. We find that monomeric TatA is an early interacting part-
ner of functionally targeted Tat substrates. This interaction with
TatA likely precedes translocation of Tat substrates and is influ-
enced by the proton-motive force. It strictly depends on the
presence of TatB and TatC, the latter of which is shown to make
contacts with the transmembrane helix of TatA.

Twin-arginine (Tat)-specific protein translocation machin-
eries serve to transport fully folded proteins across cellular
membranes of bacteria, archaea, and plant chloroplasts. Tat
client proteins are distinguished from other preproteins by a
conserved SRRXFLK sequence motif in their N-terminal signal
sequences (RR signal peptides). Most Tat translocases com-
prise three essential membrane proteins, termed TatA, TatB,
and TatC in bacteria and Tha4, Hcf106, and cpTatC in chloro-
plasts. Despite sharing 20% sequence identity, TatA and TatB
are functionally distinct proteins each spanning the membrane
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by a single transmembrane helix. On the contrary, TatC is a
polytopic membrane protein with six predicted transmem-
brane spans.

The three Tat subunits assemble into various complexes.
TatB (1-4) and TatC (1, 5, 6) each have the propensity to indi-
vidually homo-oligomerize. Together they form multimers of
functional hetero-dimeric core units (1, 4, 7-9), which when
purified from bacteria often also contain some TatA (1, 10, 11).
Likewise, homo-oligomeric assemblies of TatA have been
described both in vitro (10, 12—-15) and in vivo (4, 16, 17).

The prevailing model for how Tat-specific translocation
occurs suggests that RR precursors target the membrane via the
TatBC complex (8,9, 13, 14, 18 -21) and that the RR consensus
motif is initially recognized by TatC (19, 22—24). Some authors
have proposed that an RR signal sequence might first interact
with membrane lipids (25, 26) before being handed over to the
TatBC receptor complex. Although unfolded polypeptide
chains can be translocated by the Tat apparatus (27-29), fold-
ing of a Tat substrate generally is a prerequisite for its transport
(30-34). Tat translocases were shown to discriminate against
improperly folded substrates (30, 35, 36), but it is not under-
stood how this is mechanistically achieved. Some bacterial Tat-
dependent redox proteins require dedicated chaperones that
guarantee membrane targeting only after folding and co-factor
incorporation (reviewed in Refs. 37 and 38). Following a pro-
ductive binding of a Tat substrate to TatBC, TatA is recruited
(15, 19, 39) to initiate the transmembrane passage of the RR
precursor protein. Functionally assembled Tat translocases
seem to have multiple precursor-binding sites to allow for the
simultaneous transport of several precursor proteins (8, 40).

Recent solution (41) and solid state (42) NMR structures of a
Bacillus subtilis TatA orthologue confirmed the previously pre-
dicted single transmembrane and single amphipathic helix of
TatA, which are separated by a hinge region and arranged in an
L-shaped manner that is stabilized by extensive contacts
between both helices. When reconstituted into planar bicelles,
the N-terminal transmembrane domain was found deeply
inserted in the lipid bilayer with the hinge region and the prox-
imal part of the amphipathic helix both being immersed in the
membrane (42). AnN_ , orientation of the transmembrane heli-
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ces of TatA is backed by numerous findings, but inverse topol-
ogies of TatA have also been suggested (43, 44). In Escherichia
coli, TatA is expressed at ~25- and 50-fold higher levels than
TatB and TatC, respectively. Because of its relative abundance
and the finding that it assembles into oligomeric, pore-like
structures (12, 45), the idea was borne that TatA functions as a
form-fitting transmembrane conduit for folded protein sub-
strates. Some findings, however, seem to be at odds with the
pore model (28, 46), and alternative modes of how TatA might
achieve the transmembrane passage of Tat client proteins have
been suggested (15, 47). Tat-specific translocation requires the
proton-motive force (PMF), but how the proton gradient ener-
gizes the transport process is not understood in detail. Experi-
mental evidence has been provided that the recruitment of
TatA to a TatBC-precursor complex is a PMF-dependent step
(39). Whether TatA is recruited only from membrane-inte-
grated TatA protomers or also from a soluble pool of TatA is
also still an issue. A special situation prevails in Gram-positive
bacteria, which naturally express only TatA and TatC ortho-
logues, suggesting that in these organisms, TatA plays the func-
tional roles of both TatA and TatB. This in fact could experi-
mentally be verified by the isolation of bifunctional tatA alleles
suppressing a TatB deficiency in E. coli (48).

To learn more about the functions and properties of TatA,
we have generated multiple E. coli TatA variants carrying a site-
specific photo-activated cross-linker within both its helices and
its unstructured C terminus. This approach allowed character-
izing intermolecular contacts between TatA and Tat substrates
as well as between TatA and the other subunits of the Tat
translocase.

EXPERIMENTAL PROCEDURES

Plasmids—TorA-mCherry was expressed from plasmid pPJ3
(pET22b+/TorA-mCherry), which is a derivative of plasmid
pPJ1 (pET22b+/TorA-MalE335). To construct pPJ1, TorA-
MalE335 was amplified by PCR using Pfus polymerase (Fermen-
tas), plasmid pTorA-MalE (49) as template, and the oligonu-
cleotide primers 5-Ndel TorA-MalE and 3-Xhol TorAMalE335
(supplemental table). The PCR fragment and the recipient vec-
tor pET22b+ were digested with Ndel and Xhol and ligated. To
obtain plasmid pPJ3, the MalE335 fragment of pPJ1 was excised
using EcoRI and Xhol and replaced by an mCherry fragment
that had been amplified by PCR using plasmid pRSET-mCherry
(50) as template and the primers 5-EcoRI-mCherry and
3-Xhol-mCherry (supplemental table) introducing flanking
EcoRI and Xhol restriction sites. To generate plasmid pPJ5
encoding the KK variant of TorA-mCherry, plasmid pPJ3 was
site-specifically mutagenized according to the QuikChange
site-directed mutagenesis kit protocol (Stratagene) using the
primers 5-TorA KK for and 3-TorA KK rev (supplemental
table).

Plasmid pKSMSufI-RR (19) was used for the expression of
pSufl and plasmid pKSMSufI-KK (19) to synthesize the KK var-
iant of Sufl. Plasmid p8737 (51) containing the tatABCD
operon under T7 promoter control served as template to intro-
duce the various stop codons into tatA as described (18) using
the pairs of forward and reverse primers listed in the supple-
mental table. Plasmid pSup-BpaRS-6TRN(D86R) (52) encodes
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a Bpa-tRNA synthetase and a Bpa-specific amber suppressor
tRNA.

To construct plasmid pQE60_TatAhis-stopL10, the tatA
gene sequence was amplified from plasmid pQE60-TatABC
(22) using the primers TatA ncol bgllI for and ncol bglII rev
(supplemental table). Plasmid pQE60 encoding the His tag and
the PCR fragment coding for a stop codon-less tatA were
restricted with Ncol and BglII and ligated. The amber stop
codon at position Leu-10 of TatA was engineered as detailed
above.

In Vitro Reactions—Cell extracts used for in vitro synthesis of
precursor proteins were obtained from E. coli strains SL119
(53) and Top10 (Invitrogen). Cells were grown and S-135 cell
extracts were prepared as described (54). Coupled transcrip-
tion/translation of the different precursor proteins from plas-
mid DNAs was performed as described (54).

Membrane vesicles were added 10 min after starting the syn-
thesis reaction and incubated for 25 min at 37 °C. To assay
protein translocation into inside-out inner membrane vesicles
(INV), 15 ul of each reaction were treated with 15 ul of 10%
(w/v) trichloroacetic acid (TCA), and 30 ul were incubated with
proteinase K according to Ref. 54. Carbonyl cyanide m-chloro-
phenyl-hydrazone (CCCP) was added at the indicated concen-
trations together with INV. For cross-linking, 50-ul reactions
were placed in Eppendorf tubes on ice, irradiated with UV light
(365 nm, 80 Joule) for 10 —20 min, and then mixed with 50 ul of
10% (w/v) TCA. Control experiments had shown that in these
conditions, cross-linking reached its maximum within 7 min.
ATP depletion using glucose and hexokinase was performed as
described previously (18).

Sodium carbonate extraction was performed by treating a
50-ul reaction aliquot with 50 ul of freshly prepared, ice-cold
0.4 M Na,COj. After 30 min at 4 °C, samples were centrifuged
for 30 min at 70,000 rpm in a Beckman TLA100 ultracentrifuge
(Beckman-Coulter) using a TLA 100.3 rotor. Supernatants
were withdrawn, precipitated with 100 ul of 10% (w/v) TCA,
and resuspended in SDS-PAGE loading buffer. The pellets were
directly dissolved in 30 ul of SDS-PAGE loading buffer.

Membrane Vesicles—Tat™-INV were prepared as described
previously (54) from E. coli strain BL21(DE3) transformed with
plasmids p8737. Tat™-INV containing TatA amber mutants
were prepared from E. coli strain BL21(DE3) transformed with
plasmid pSup-BpaRS-6TRN(D86R) and p8737 carrying the
individual tatA mutations. Expression of tat genes was induced
with 1 mm isopropyl B-p-thiogalactopyranoside when cell cul-
tures had reached an optical density at 600 nm (A,) 0of 0.5, and
growth was continued up to an A4, 0f 2.0 or for a total of 3h. To
suppress the amber stop codons, 1 mm p-benzoyl-phenylala-
nine (Bpa) was added at the same time as isopropyl 3-p-thioga-
lactopyranoside from a 1 M Bpa stock solution prepared in 1 m
NaOH.

Miscellaneous—For Western blotting, 4 ul of INV (4,4, ~40
units/ml) were each dissolved in 96 ul of SDS-PAGE loading
buffer. Of this solution, 5 ul were used for SDS-PAGE and
Western transfer, when blots were decorated with anti-TatA
antibodies, and 20 ul were used when using anti-TatB and anti-
TatC antibodies. Polyclonal antibodies against TatA, TatB, and
TatC were raised in rabbits as described (19, 51). The second
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antibody was goat anti-rabbit IgG coupled to alkaline phospha-
tase (Sigma). Detection was performed using nitro blue tetra-
zolium chloride/5-bromo-4-chloro-3-indolyl phosphate stock
solution (Roche Applied Science) following the manufacturer’s
instructions. SDS-electrophoresis using 15% polyacrylamide
gels was performed as described previously (54). For UV irradi-
ation of membrane vesicles, 4 ul of INV were each diluted with
96 ul of INV Puffer (54) in 96-well microtiter plates, irradiated
on ice for 20 min, transferred to an Eppendorf tube, and precip-
itated with 100 ul of 10% TCA. The supernatant obtained after
centrifugation for 10 min at 13,000 rpm was discarded, and
each pellet was dissolved in 100 ul of SDS-PAGE loading buffer.

RESULTS

Upon Binding to the Tat Translocase, RR Precursors Make
Multiple Contacts with TatA—To probe for contacts between
RR precursors and TatA, we individually exchanged numerous
amino acids of the transmembrane, the amphipathic helix, and
the C-terminal part of E. coli TatA against the photo-activat-
able cross-linker Bpa (Fig. 14). To this end, amber stop codons
were introduced by mutagenizing PCR into the selected posi-
tions within the tatA gene (c¢f. Fig. 1A) contained in the
tatABCD operon of plasmid p8737. This plasmid allows T7
promoter-dependent high expression of TatABC, which is
required to obtain inner membrane vesicles displaying suffi-
cient Tat-specific translocation activity (51, 55). These amber
stop codon variants of tatA were transformed into E. coli
BL21(DE3) cells expressing an amber suppressor tRNA and a
cognate Bpa-tRNA synthetase. When transformants were
grown in the presence of Bpa, suppression of the individual
amber stop codons by the incorporation of the cross-linker Bpa
occurred. This is shown by the Bpa-mediated increase in full-
size TatA over the level of chromosomally encoded wild-type
TatA obtained in the absence of Bpa (Fig. 1E). INV containing
the Bpa-TatA variants were then prepared from the Bpa-grown
cells. Radiolabeled RR precursor proteins synthesized by cell-
free transcription/translation were allowed to bind to, and
translocate into, these vesicles, and cross-links that formed
upon UV irradiation of the samples were analyzed by SDS-
PAGE and phosphorimaging.

Fig. 1, B-D, shows the results for the model Tat substrate
TorA-mCherry as well as the natural RR precursor Sufl (FtsP).
TorA-mCherry is translocated into INV to a comparable extent
as pSufl (cf. supplemental figure, panel E ). Virtually all mem-
brane vesicles that carried Bpa at one position of a consecutive
stretch from Trp-7 up to Ile-15 within the transmembrane helix
of TatA yielded an ~47-kDa adduct to TorA-mCherry (Fig. 1B,
star). These adducts were obtained only upon irradiation with
UV light to initiate cross-linking to Bpa (compare —/+ UV).
The radiolabeled ~39-kDa band (open square) is an unspecific
UV-induced product that does not result from cross-linking to
TatA because it also appeared in samples that did not contain
Bpa variants of TatA (Fig. 1B, lanes no INV and Tat").
TatA(Q8Bpa)® was the only TatA variant that did not show a
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clear UV-dependent cross-link that exceeded the background
signal of an unspecific band seen with INV expressing only
wild-type TatA (Tat"-INV). As expected for an interaction
between TorA-mCherry and the vesicle-borne TatA, a Bpa-
specific adduct was missing in samples that did not contain
INV. Essentially identical results were obtained for the natural
RR precursor pSufl (Fig. 1B, triangle), although in this case,
cross-links were less well discernable from the background
noise of labeled bands.

Similarly, Bpa incorporated at positions Ser-27 up to Phe-39
within the amphipathic helix of TatA yielded UV-dependent
and Bpa-specific cross-links both with TorA-mCherry and with
pSufl (Fig. 1C, star and triangles). In contrast to Bpa mutants of
the transmembrane helix of TatA, most TatA variants of the
amphipathic helix gave rise to two adducts to pSufl (¢riangles),
which differed in their apparent molecular masses by ~4 kDa.
The ratio between the intensities of both adducts varied with
the cross-linker position. For instance, the lower species dom-
inated for TatA(K37Bpa), whereas the upper species domi-
nated for TatA(G38Bpa). The origin of the double cross-links,
however, is not known. A mutant precursor of Sufl with a non-
cleavable signal peptide gave the same double cross-links (not
shown), ruling out that the pair of adducts resulted from indi-
vidual cross-links to the precursor and mature forms of Sufl.
Similar double cross-links had been obtained for pSufl and the
amphipathic helix of TatB (18) and conceivably might reflect
two conformers of in vitro synthesized pSufl that result in dif-
ferently branched adducts. Cross-links to TorA-mCherry and
pSufl were also observed for Bpa positions at Asp-46, Glu-47,
Ser-54, Phe-59, and Ile-64, all located in the C-terminal part of
TatA following the amphipathic helix (Fig. 1D). Why some of
these adducts to the C terminus of TatA displayed smaller
apparent molecular masses than others is not known.

The results depicted in Fig. 1 indicate that RR precursor pro-
teins upon contact with TatABC-containing membrane vesi-
cles come into close proximity to large parts of TatA encom-
passing both its helices. All vesicles carrying Bpa mutants of
TatA were tested for their translocation activity toward TorA-
mCherry and pSufl. All of them yielded decreased transport
efficiencies (supplemental figure). There was, however, no clear
correlation between the translocation proficiency of individual
TatA variants and the intensity with which they cross-linked to
the RR precursors (compare Fig. 1, B-D, with the supplemental
figure). Furthermore, the fact that the varying intensities of
cross-linking to both helices (¢f. Fig. 1, B and C) did not follow a
clear helical pattern suggests that the interacting TatA mole-
cules must be rather flexible at this stage of contact. Moreover,
quite different from the binding of RR precursors to TatB (18),
no higher molecular mass adducts between the RR precursors
and TatA were obtained. Such adducts would be expected to
form if an oligomeric TatA structure would allow more than
one TatA monomer to bind to a single precursor molecule.

3 Throughout this study, designations indicate TatA variants using the follow-
ing style: TatA(Q8Bpa) indicates a TatA variant with the natural glutamine
residue at position 8 being exchanged against p-benzoyl-phenylalanine,
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TatA(L10Bpa) indicates a TatA variant with the natural leucine residue at
position 10 being exchanged against p-benzoyl-phenylalanine, and so
forth.
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FIGURE 2. Cross-linking to TatA depends on an intact twin-arginine motif. Experimental details are as in the legend for Fig. 1. A, comparison between the
wild-type precursor TorA-mCherry (RR) and a mutant derivative, in which the RR pair had been exchanged by two lysines (KK). B, as in A except that the wild-type
RR precursor of pSufl is compared with its KK mutant. In both panels, UV-dependent adducts to TorA-mCherry and pSufl are labeled with stars and triangles,

respectively.

Contacts of RR Precursors to TatA Require an Intact RR Signal
and the Presence of TatB and TatC—To examine the functional
relevance of the precursor-TatA contacts visualized in Fig. 1,
we performed the same cross-linking experiments, now using
pSufl and TorA-mCherry variants, in which the double argi-
nine had been replaced by the transport-defective twin-lysine
pair. As can be seen in Fig. 2, cross-linking to sites in both
helices of TatA was drastically reduced in the case of the KK
precursors. This suggests that the observed TatA cross-links
reflect a functional stage in twin-arginine translocation that
requires a previous quality control of the RR signal peptide by
TatBC.

Likewise, the cross-link between pSufl and TatA(L10Bpa)
was completely lost upon deprivation of TatB and TatC from
INV (Fig. 3, A—C). As mentioned above, all TatA variants were
overexpressed in E. coli strains from a plasmid-borne copy of
the tatABC operon. Fig. 3A demonstrates that wild-type TatA
and TatA(L10Bpa) were recovered to the same levels from
equivalent amounts of the respective INV (left and middle col-
umpns). Both INV populations also contained comparable levels
of TatB and TatC. The TatA(L10Bpa) mutant vesicles strongly
cross-linking to pSufl (Fig. 3B) showed translocation activity,
although less than INV carrying TatA(wt) (see also the supple-
mental figure). Translocation activity is indicated by the
amounts of pSufl and mature Sufl that each remained undi-
gested by proteinase K (Fig. 3C, lanes 2 and 4). In contrast, INV

(TatA(L10)ABC) obtained from a strain overexpressing solely
TatA(L10Bpa) and therefore containing only the chromo-
somally encoded low amounts of TatB and TatC (Fig. 34, right
column) were largely inactive in translocating pSufl (Fig. 3C,
lane 6). Despite the comparably high amounts of TatA present
in the TatA(L10)ABC vesicles, an adduct to pSufl was not gen-
erated (Fig. 3B), indicating that a complete TatABC translocase
was required for the observed contacts between RR precursors
and TatA to form.

Further support for the observed substrate-TatA cross-links
reflecting an authentic interaction between an RR precursor
and the intact Tat translocase comes from the results of Fig. 3D
demonstrating a firm anchorage of the cross-links in the lipid
bilayer of the membrane vesicles. After cross-linking pSufl to
TatA(L10Bpa) and TatA(S35Bpa) membrane vesicles, reac-
tions were treated with sodium carbonate and centrifuged to
separate peripheral from integral membrane proteins. The
TatA-pSufl adducts (Fig. 3D, triangles) were entirely recovered
from the pellet fraction, indicating that pSufl was bound to
membrane-embedded TatA. Incidentally, the TatA(S35Bpa)
INV used in this experiment did not show translocation of
pSufl as judged from the missing band of mature Sufl (mSufl)
when compared with the TatA(L10Bpa) variant. The two
adducts obtained for the Ser-35 variant of TatA (Fig. 3D, trian-
gles) can therefore not result from one cross-link to the precur-
sor and one to the mature form of Sufl as discussed above.

FIGURE 1. Extensive contacts between large parts of TatA and membrane-bound RR precursor proteins. A, amino acid sequence of E. coli TatA (shown are
81 of the 89 residues) with its predicted transmembrane and amphipathic helices according to Ref. 16. Amino acids exchanged against Bpa by amber stop
codon suppression are highlighted. B-D, the RR precursor proteins TorA-mCherry and pSufl were in vitro synthesized and radiolabeled by cell-free transcription/
translation. Where indicated, E. coliINV were added 10 min after starting the synthesis. INV were prepared from TatABC-overproducing E. coli strains expressing
either wild-type TatA (Tat™) or one of the indicated TatA (Bpa) variants. Following an incubation period of 25 min, reactions were stopped directly with TCA or
first UV-irradiated on ice (+UV). Radiolabeled proteins were separated by SDS-PAGE and visualized by phosphorimaging. UV-dependent adducts to TorA-
mCherry and pSufl are labeled with stars and triangles, respectively. Open squares, TatA-independent cross-linking product. Numbers to the left and right
indicate the molecular masses of marker proteins. £, INV prepared from strains that expressed the indicated TatA variants and that were grown in the absence
or presence of Bpa were immunoblotted against anti-TatA antiserum (« TatA).
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FIGURE 3. Cross-linking of an RR precursor to translocase-embedded
TatA. A, immunoblot analysis of the TatABC contents of INV that had been
prepared from cells overproducing, besides TatBC, wild-type TatA (Tat™-INV,
here denominated TatA(wt)BC) or the L10Bpa variant of TatA (TatA(L10)BC)).
TatA(L10)ABC INV were obtained from a strain overexpressing selectively the
TatA variant and therefore containing only the low amounts of chromo-
somally expressed TatBC. The amounts of vesicles applied to SDS-PAGE and
immunoblot analysis were normalized with respect to their adsorption at 280
nm (54). B, no cross-linking to TatA in the presence of substoichiometric
amounts of TatBC. For experimental details, see the legend for Fig. 1. UV-de-
pendent adducts to pSufl are labeled with triangles. C, pSufl was synthesized
in vitro in the presence of the indicated INV. To assay translocation of pSufl
into these vesicles, one aliquot of each reaction was treated with proteinase K
(PK) to visualize the vesicle-protected, i.e. translocated fractions of the precur-
sor and mature form of Sufl (pSufl and mSufl, respectively). In the absence of
high amounts of TatBC, translocation is negligible. D, pSufl was synthesized in
vitro in the presence of the indicated INV. Samples were UV-irradiated as
indicated and either directly TCA-precipitated or first treated with Na,CO,
and separated into soluble (S) and pelletable (P) material.
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Contacts between RR Precursors and TatA Are Semsitive
toward Dissipation of the Proton-motive Force and Kinetically
Not Linked to Translocation—TIt is not known which step of the
Tat-specific translocation pathway is dependent on the PMF. A
common view is that following binding of an RR precursor to
TatB and TatC, TatA protomers are recruited to this complex
in a PMF-dependent manner. A more recent analysis suggested
that the electrochemical potential of the PMF was required for
an early as well as a late translocation event (56). We therefore
were interested in finding out whether or not the observed pre-
cursor-TatA contacts were influenced by the PMF. To dissipate
the H™ gradient of the membrane vesicles, we used the proto-
nophore CCCP. As illustrated in Fig. 44, CCCP at 100 um con-
centration inhibited translocation of pSufl into INV, as indi-
cated by the complete disappearance of proteinase K-resistant
material in the presence of CCCP (compare lanes 2 and 4). The
same concentration of CCCP also markedly lowered cross-link-
ing between residue Leu-10 and Ile-11 within the transmem-
brane helix of TatA and TorA-mCherry and pSufl (Fig. 45,
lanes 2, 3, 5, and 6, triangle; lanes 11 and 12, star). In addition,
CCCP negatively affected cross-linking of both precursors to
Ser-35 within the amphipathic helix of TatA, although the
effect seemed to be less pronounced than for the cross-link to
the transmembrane helix (Fig. 4B, lanes 8 and 9, triangles; lanes
14 and 15, star). Fig. 4C, however, illustrates that with increas-
ing concentrations of CCCP, the TatA-pSufl adducts (trian-
gles) to the amphipathic helix of TatA (Asp-31 and Ala-34) were
suppressed to the same extent as the cross-link to Ile-11 in the
transmembrane helix of TatA.

To confirm the PMF sensitivity of the precursor-TatA inter-
actions, we also employed ATP depletion to prevent H" pump-
ing by the F,-ATPase. In the experiment depicted in Fig. 4D,
INV were added only after the in vitro synthesis of pSufl was
stopped with puromycin. As observed before (51) and for still
unknown reasons, the posttranslational addition of INV usually
leads to a decrease in Tat-specific translocation efficiency (Fig.
4, panels A and D, compare lanes 1 and 2). Translocation was,
however, completely abolished when glucose and hexokinase
had been added to remove the ATP from the in vitro reactions
prior to the addition of INV (Fig. 4D, lanes 5 and 6). Cross-
linking to both Leu-10 in the transmembrane helix (compare
lanes 12 and 16, triangles) and Asp-31 in the amphipathic helix
of TatA (compare lanes 20 and 24, triangles) was clearly dimin-
ished in these conditions. Thus, cross-linking of RR precursors
to TatA, as observed under our experimental conditions, is neg-
atively affected by dissipation of the PMF of the vesicles.

To further characterize this precursor-TatA interaction, we
recorded the kinetics of cross-linking of pSufl to Leu-10 in the
transmembrane helix of TatA (Fig. 5). The adduct (triangle)
appeared as early as 10 s after initiating the reaction by adding
membrane vesicles and obviously reached its maximum already
after 20 s. Thus, the steady-state level of the SufI-TatA adducts
was reached markedly before that of the translocation of Sufl.
Provided that the TatA cross-linked species represents a true
intermediate of Sufl on its way across the membrane, binding to
TatA would precede the actual translocation event.
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FIGURE 4. A collapse of the proton-motive force at the membrane vesicles interferes with cross-linking of precursor and TatA. A, pSufl was synthesized
in vitro in the presence of Tat*-INV. CCCP at a final concentration of 100 um or alternatively its solvent dimethyl sulfoxide (DMSO) was added during the
incubation with INV as indicated. Translocation of pSufl was analyzed as described in the legend for Fig. 3C. B, cross-linking of pSufl and TorA-mCherry to the
indicated Bpa variants of TatA in the absence or presence of 100 um CCCP. UV-dependent adducts to TorA-mCherry and pSufl are labeled with stars and

triangles, respectively. C, as in B except that CCCP was titrated from 0 to 200 um.

D, dissipation of the PMF by the combined addition of glucose and hexokinase

10 min before reactions synthesizing pSufl were supplemented with the indicated INV. Samples were either UV-irradiated to obtain adducts to TatA (triangles)

or treated with proteinase K (PK) to monitor translocation.

Even in the Absence of Tat Substrates, the Transmembrane
Helix of TatA Is Juxtaposed to TatC—The contacts between an
RR precursor and the transmembrane helix of TatA that we
picked up by our cross-linking approach appeared as soon as
membranes were added. Moreover, all cross-links obtained
account in size for 1:1 complexes between precursor and TatA,
although the placement of the cross-linker into TatA would
have allowed us to detect interactions of a single precursor mol-
ecule with more than one TatA monomer. These findings
would argue against the precursor-TatA adducts representing
translocation intermediates that were trapped on their way

DECEMBER 23,2011 +VOLUME 286-NUMBER 51 AS\WBZ@IB

across a cylindrical structure made of multiple TatA transmem-
brane helices. Conversely, if Tat substrates come into contact
with TatA, notably its transmembrane helix, as soon as they
target the TatBC receptor complex, TatA should be located in
close proximity to TatBC. We therefore irradiated INV con-
taining individual Bpa variants of TatA with UV light in the
absence of in vitro synthesized RR precursors. The irradiated
samples were then probed by immunoblots using TatA, TatB,
and TatC antibodies for nearest neighbors of TatA in the
absence of ongoing Tat translocation. The results are summa-
rized in Fig. 6. For almost every TatA variant of the transmem-
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FIGURE 5. Cross-linking of an RR precursor to the transmembrane helix of TatA occurs with faster kinetics than accumulation of translocated material.
pSufl was synthesized in the absence or presence of the indicated INV. UV irradiation yielding the pSufl-TatA cross-link (triangle) was started at the indicated
times following the addition of INV. The appearance of the signal sequence-less mSufl by the INV-associated signal peptidase indicates the time-dependent
translocation into the vesicles. For most of the assays shown, TatA(Bpa)L10 INV had been prepared from cells grown on Bpa (+ Bpa). Cells grown in the absence
of Bpa (-Bpa) could not suppress the stop codon at position Leu-10 of TatA. INV derived from these cells therefore failed to cross-link to pSufl.

brane (Fig. 64) and the amphipathic helix (Fig. 6B), multiple
oligomeric complexes of TatA became visible when the West-
ern blots were decorated with anti-TatA antiserum. This is con-
sistent with previous data (15, 16, 45, 57, 58) suggesting oligo-
merization of TatA via both helices. When the cross-linked
INV were probed with anti-TatB antiserum, clear TatB cross-
reactive adducts were obtained for Asp-31 and Ser-35 in the
amphipathic helix of TatA (Fig. 6C). By size, these adducts cor-
respond to 1:1 TatA-TatB complexes, which, however, were
obtained only when the cross-linker was positioned in the
amphipathic helix of TatA.

In marked contrast, probing the irradiated INV with anti-
TatC antiserum revealed numerous 1:1 TatA-TatC adducts
(Fig. 6D). They were exclusively found for cross-linker sites in
the transmembrane helix of TatA and were most prominent for
the positions Trp-7, Leu-9, and Ile-12. To exclude that these
intersubunit contacts of the Tat translocase were artifacts of the
isolated membrane vesicles, we also irradiated whole cells
expressing the Bpa variants of TatA. As shown in Fig. 6E, cross-
links between the positions Leu-9 and Ile-12 in the transmem-
brane helix of TatA and TatC could clearly be detected. These
results strongly suggest that even in the idling state of the Tat
translocase, the transmembrane part of TatA is juxtaposed to
TatC. This situation could well explain why an RR precursor
upon membrane interaction also comes into contact with one
TatA monomer. Whether the PMF dependence of these con-
tacts to TatA reflects the recruitment of the TatA monomer to
TatBC or a necessary conformational switch in any of the inter-
acting partners required for proper positioning remains to be
elucidated.

DISCUSSION

Although in chloroplasts the three components of the Tat
translocase clearly partition into two separable complexes, a
hetero-oligomeric TatBC complex and a homo-oligomeric
TatA complex (14), TatBC complexes when purified from
E. coli were often found to also contain TatA (10, 11). In addi-
tion, TatA was reported to stabilize the TatBC complex (59). In
agreement with those findings, the studies presented here have
revealed functional and structural vicinity between TatA and
the TatBC receptor complex, both in the presence and in the
bona fide absence of a Tat substrate protein. Thus, by Bpa-
scanning analysis of the transmembrane helix of TatA, we
identified 1:1 adducts between TatA and TatC, indicating
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intramembrane proximity between both Tat subunits. This is
consistent with a previous study employing bimolecular fluo-
rescence complementation (4). Our photo-cross-linking analy-
sis also revealed that TatA provides multiple contact sites for
RR precursors probably already at the stage of membrane tar-
geting, which is known to occur at the TatBC subunits (8, 9, 13,
14, 19-21, 40). The formation of precursor-TatA adducts
reached saturation markedly before translocation into mem-
brane vesicles did. Cross-links between RR precursors and
TatA were not obtained in the absence of TatBC, suggesting a
functional hierarchy of precursor contacts with the Tat trans-
locase subunits such that interaction with TatA required a pre-
vious recognition of the RR precursor by the TatBC receptor
complex. In complete agreement with an obligate identification
of the RR consensus motif prior to establishing contacts with
TatA, KK mutant precursors failed to cross-link to TatA,
whereas they have repeatedly been found to still physically
associate with the TatBC complex (13, 36, 60). In contrast to the
primary membrane targeting of RR precursors at TatB and
TatC (51, 61), contacts with TatA turned out to be sensitive
toward dissipation of the PMF. This means that the observed
interaction of RR precursors with TatA does not directly coin-
cide with their binding to TatBC but rather reflects a subse-
quent targeting event that is distinguished by its requirement
for the PMF.

Cross-links between RR precursors and TatA were obtained
all along a stretch encompassing the first 64 residues of the
89-amino acid-long E. coli TatA. Contact sites include the
transmembrane and the amphipathic helix of TatA as well as its
unstructured C terminus. A previous cross-linking analysis of
the interaction of membrane-targeted, folded RR precursor
proteins with the TatA homologue TatB revealed extended
contacts with the amphipathic helix of TatB (18). We were
therefore not surprised to also obtain cross-links between RR
precursors and the amphipathic helix of TatA, conceivably
reflecting extramembrane contacts with a surface-exposed pre-
cursor protein. On the contrary, the observed cross-links to
residues of the transmembrane helix of TatA as N-proximal as
Trp-7 strongly suggest contacts occurring in the lipid bilayer of
the plasma membrane.

Consistent with the proposed pore function of TatA, those
intramembrane contacts between a Tat substrate and TatA
could in principle be snapshots of the transmembrane passage
of the precursor. Several of our findings, however, contradict
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FIGURE 6. Both ininner membrane vesicles as well as in intact cells, the transmembrane helix of TatA is in close proximity to TatC. Aand B, the indicated
vesicles were irradiated with UV light to initiate cross-linking to the Bpa variants of TatA. Homo-oligomeric TatA adducts that were revealed by immunoblots
using anti-TatA antibodies (« TatA) are marked. C, asin Aand B except that the blot is decorated with anti-TatB antibodies. TatA adducts recognized by anti-TatB
antibodies are indicated. D, as in C except that TatA adducts recognized by anti-TatC antibodies are highlighted. E, as in D except that whole cells had been
irradiated with UV light.

such an assumption and rather suggest that the observed pre- like arrangement of the transmembrane helices of TatA would
cursor-TatA contacts precede the actual transmembrane trans-  predict that a folded Tat substrate protein on its way across
location process. First of all, the experimentally verified ring- such a cylindrical TatA structure makes contacts with numer-
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ous TatA protomers. All precursor-TatA cross-links obtained
in this study were, however, 1:1 adducts, i.e. complexes consis-
ting of one precursor molecule and one TatA monomer only.
This is in complete contrast to a previous study on larger com-
plexes between RR precursors and TatB oligomers that were
interpreted to suggest encapsulation of a membrane-targeted
RR precursor by multiple amphipathic helices of TatB (18). Fur-
thermore, we would have expected that contacts of a translo-
cating Tat substrate with a ring of transmembrane helices of
TatA were restricted to the inner surface of the transmembrane
helices that face the lumen of the pore. In contrast, our cross-
linking data did not disclose any preferred binding face on the
transmembrane helices of TatA, indicating that at the stage
where our precursor-TatA adducts were formed, TatA hardly
could have been trapped in a rigid oligomeric structure. More-
over, recent EPR spectroscopy of detergent-solubilized E. coli
TatA suggested that residues Ile-12 and Val-14 of the trans-
membrane part define an interface between adjacent TatA sub-
units (45), whereas in our experimental setup, both residues
were free to contact RR precursors. Notably, the fact that we
could not observe cross-linking of RR precursors to more than
one TatA molecule was not the result of a defective oligomeri-
zation of TatA caused by the incorporation of Bpa because the
Bpa variants of TatA were all able to form higher-order homo-
oligomers, as illustrated in Fig. 6. Finally, as mentioned earlier,
Bpa variants of TatA cross-linked to the RR precursors, even if
the Bpa mutation impaired their translocation activity, for
which reason the observed interaction between precursor and
TatA cannot encompass a translocation event.

For the aforementioned reasons, it seems unlikely that the
contacts between RR precursors and the transmembrane helix
of TatA visualized here by site-directed photo-cross-linking
reflect an intermediary stage of the transmembrane passage.
The question then arises as to what pretranslocational event
could lead to an interaction between a membrane-targeted RR
precursor and the trans-sided end of the transmembrane helix
of TatA? One likely scenario would be that upon targeting, the
signal peptide with its N terminus fixed in the cytoplasm (62)
loops into the plane of the membrane to reach out toward the N
terminus of TatA. Experimental evidence has been provided
indicating that TatB and TatC cooperate in accommodating
and recognizing Tat signal sequences. Thus, the findings that
RR precursors cross-link to Leu-9 in the N-proximal part of the
transmembrane part of TatB (18) and that suppressor mutants
restoring transport of a defective precursor, whose RR motif
had been changed to KQ, mapped to the adjacent Glu-8 residue
of TatB (21) point to a deep insertion of a Tat signal sequence
prior to the translocation of the passenger protein. Such a
transmembrane topography of a Tat signal sequence mediated
by TatB and TatC could satisfactorily explain why it can contact
the N-proximal part of the transmembrane helix of TatA.
Cross-linking of a membrane-bound precursor to the trans-
membrane part of TatA would then indicate that at some point,
TatA joins with TatC and TatB in forming a signal sequence-
binding pocket. In fact, a direct interaction of a Tat signal
sequence with TatA was previously demonstrated by placing a
photo-cross-linker into the signal sequence itself (19). Notably,
these cross-links to TatA were abolished by dissipating the
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PMF of membrane vesicles (19). That an RR signal peptide is
able to recruit TatA to the TatBC receptor in a PMF-dependent
manner has been shown by the K. Cline group (39) for the Tat
system of plant chloroplasts.

As outlined above, our cross-linking data would be consis-
tent with a twin-arginine signal peptide recruiting a TatA
monomer to the TatBC-precursor complex. If so, the signal
sequence-bound TatA monomer could later on serve as the
nucleation point for the formation of the proposed oligomeric
TatA pore structure in line with previous results demonstrating
the oligomerization of the chloroplast TatA orthologue by a Tat
signal peptide (57). We do, however, not want to exclude the
possibility that the signal peptide initially recruits dimers or
tetramers of TatA. Nevertheless using the same experimental
approach that previously allowed detection of two TatB mole-
cules cross-linking to a single Tat substrate (18), here we did not
obtain precursor-TatA adducts that contained more than a
monomer of TatA.

We would like to interpret our data such that a twin-arginine
signal upon recognition by TatC and its transmembrane
accommodation in a concerted TatBC binding pocket recruits
TatA monomers in a PMF-sensitive manner. Whether the asso-
ciation itself is driven by the PMF or whether the PMF affects
the conformation of any of the binding partners in the TatBC
precursor complex so as to enable capturing of TatA remains to
be deciphered.
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