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Background: Twin-arginine translocases, which transport folded proteins across cellular membranes, often consist of three
proteins, TatA, TatB, and TatC, but sometimes have an additional TatE available.
Results: TatE associates with active translocases and forms direct contacts with TatA, TatB, and TatC.
Conclusion: TatE is a regular constituent of twin-arginine translocases.
Significance: We elucidate a functional interplay of the paralogous proteins TatA and TatE.

Twin-arginine translocation (Tat) systems mediate the trans-
membrane translocation of completely folded proteins that pos-
sess a conserved twin-arginine (RR) motif in their signal
sequences. Many Tat systems consist of three essential mem-
brane components named TatA, TatB, and TatC. It is not under-
stood why some bacteria, in addition, constitutively express a
functional paralog of TatA called TatE. Here we show, in live
Escherichia coli cells, that, upon expression of a Tat substrate
protein, fluorescently labeled TatE-GFP relocates from a rather
uniform distribution in the plasma membrane into a number of
discrete clusters. Clustering strictly required an intact RR signal
peptide and the presence of the TatABC subunits, suggesting
that TatE-GFP associates with functional Tat translocases. In
support of this notion, site-specific photo cross-linking revealed
interactions of TatE with TatA, TatB, and TatC. The same
approach also disclosed a pronounced tendency of TatE and
TatA to hetero-oligomerize. Under in vitro conditions, we found
that TatE replaces TatA inefficiently. Our collective results are
consistent with TatE being a regular constituent of the Tat
translocase in E. coli.

The twin-arginine translocation (Tat)2 system is a trans-
porter for fully folded proteins and assembled protein com-
plexes. It has been identified in the cytoplasmic membrane of
bacteria and archaea as well as in the thylakoid membrane of
chloroplasts. Substrates of this translocase contain a highly
conserved double arginine (RR) motif in their N-terminal signal
sequence, a feature that is eponymous for the twin-arginine
translocation pathway.

Enterobacteria constitutively express four components of
the Tat translocase: TatA, TatB, TatC, and TatE (most recently
reviewed in Refs. 1– 6). Whereas TatC is a hexahelical mem-
brane protein (7, 8), TatA, TatB, and TatE consist of only one
transmembrane helix, followed by an amphipathic helix and an
unstructured C terminus on the cis side of the membrane. Pre-
vious studies have revealed that TatB and TatC form a receptor
complex (summarized in Ref. 9) that initially binds substrates in
an energy-independent manner. TatC forms functional oligo-
mers (10 –12) and recognizes the RR-containing N terminus of
the substrate precursor (13, 14). TatC also mediates the deep
loop-like insertion of the signal sequence into an intramem-
brane binding pocket (15, 16) formed by dome-like oligomeric
TatB assemblies that are surrounded by outer rings of TatC
monomers (17).

How TatA assembles with the TatBC receptor complex to
form a functional translocating unit is not understood. There is
experimental evidence that TatA is already present during the
early stages of substrate recognition (18 –21). The key function
of TatA seems to be to conduct substrate across the membrane.
This process probably occurs rapidly and depends on the pro-
ton-motive force. One hypothesis suggests that TatA associates
with the TatBC receptor complex, undergoes reorganization,
and oligomerizes to form a translocation channel for the sub-
strate (summarized in Ref. 4). In another model, it has been
proposed that accumulation of TatA at the TatBC receptor
might mediate the translocation of substrate proteins by desta-
bilizing/thinning the membrane bilayer (22–24).

In addition to TatA, enterobacteria (25) and the Gram-posi-
tive corynebacteria (26) express the functional homologue
TatE. In Escherichia coli, TatE is a small protein of 67 amino
acids (7 kDa), 53% of which are identical to those of TatA (27).
A number of in vivo studies using activity and localization
assays of various Tat substrates have suggested that TatE and
TatA have overlapping functions (26 –31). Three-dimensional
density maps of purified TatE indicated ring-shaped structures
that, in contrast to what has been reported for TatA (32), would
be too small to represent translocation channels, for example,
for the 90-kDa E. coli Tat substrate TorA (29). Despite its strik-
ing functional and structural similarity with TatA, TatE has
persisted during evolution as an individual isoform. Remark-
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ably, tatE mRNA is equipped with a much weaker ribosomal
binding site (our own observation) than tatA, which could
explain why TatE is 50 times less redundant in the cell than
TatA (33). To learn more about the role TatE might play in
Tat-dependent protein translocation, we undertook a com-
bined in vivo and in vitro analysis of how TatE associates with
the Tat translocase of E. coli.

Experimental Procedures

Cloning of DNA Constructs—Fragments and plasmids were
amplified using Pfu Ultra II Fusion HS DNA polymerase (Agi-
lent Technologies) according to the protocol of the manufac-
turer. The primers are listed in supplemental Table S1. Restric-
tion enzymes and Antarctic phosphatase were obtained from
New England Biolabs, and T4 DNA ligase was from Thermo
Scientific. For DNA purification, a gel extraction kit from Qia-
gen was used. All constructs were verified by sequencing.

Plasmids—The plasmids used for this study are listed in sup-
plemental Table S2. For detailed cloning procedures, see sup-
plemental data.

Microscopy—Microscopical studies were performed as
detailed in Ref. 34 using BL21(DE3) (Novagen) and BL21
(DE3)�tat (�tatABCD) (16) cells.

Membrane Vesicles and Photo Cross-linking—Inverted inner
membrane vesicles were prepared as described previously (35)
from strain DADE (MC4100 �tatABCDE) (36) transformed
with pEVol-pBpF and either pEBC_LinkRBS, pEABC_
LinkRBS, or pBADxTat containing amber stop codons in tatE,
tatA, or tatC. To incorporate Bpa, expression from pEVOL-
pBpF was induced with 0.1% arabinose in the presence of 0.25
mM Bpa. Photo cross-linking of INV was initiated by UV irra-
diation as described previously (18).

Immunoblotting—To detect contacts between the Tat sub-
units, 5 �l of each INV (�100 A280 units/ml) were diluted with
95 �l of INV buffer (35) and treated further as described previ-
ously (18). Proteins were separated using 9% Tricine SDS-
PAGE according to Ref. 37. Blots were decorated with affinity-
purified polyclonal immunoglobulins directed against peptide
sequences of TatA (19), TatB (38), TatC (38), and TatE
(CAMNDDDAAAKKGAD). Signals were detected by incuba-
tion in 0.1 M Tris/HCl (pH 8.6), 0.025% luminol (w/v), 54.5 �M

p-coumaric acid, 0.05% (v/v) H2O2, and the Fusion-Fx7 chemi-
luminescence system (Peqlab Biotechnologies GmbH). Alter-
natively, alkaline phosphatase-linked antibodies and nitro
blue tetrazolium chloride/5-bromo-4-chloro-3-indolyl phos-
phate (Roche) were used according to the protocol of the
manufacturer.

In Vitro Reactions—Cell extracts used for in vitro synthesis of
RR precursor proteins were prepared from strain SL119 (39).
Coupled transcription/translation reactions were performed in
50-�l aliquots as described previously (35). INV were added 10
min after starting the synthesis reaction and incubated for 25
min at 37 °C. Protein translocation into INV was assayed as
described previously (18). Quantitative analyses were obtained
using the analysis toolbox of ImageQuant TL 7.0 (GE
Healthcare).

Results

Substrate-dependent Relocation of TatE from a Uniform Dis-
tribution in the Membrane to Distinct Clusters—To investigate
the localization of TatE in live E. coli cells, we linked TatE C-ter-
minally to GFP in the same way as reported recently for TatA
(34). The tatE-GFP fusion gene was constructed in plasmid
pBAD33, placing it behind the ara promoter. This plasmid
(pEGFP) was transformed into the E. coli tatABC deletion
strain BL21(DE3)�Tat. Two hours after inducing the expres-
sion of TatE-GFP with 0.1% arabinose in cells growing in liquid
culture, the epifluorescent image depicted in Fig. 1A was
obtained. Virtually all cells showed a clear rim staining, indicat-
ing that, in the absence of the other Tat components, TatABC,
TatE was spread over the whole plasma membrane of E. coli.
Frequently, a coarse-grained staining pattern was obtained (Fig.
1A, arrows), which might be due to the formation of TatE olig-
omers. The cells shown in Fig. 1A show the typical �tat pheno-
type, i.e. cell elongation and a failure to separate after division
(40).

When TatE-GFP was expressed in the tatABC wild-type
background of E. coli strain BL21(DE3) (Fig. 1B), then it seemed
to be more evenly dispersed in the plasma membrane than in
the �tat strain, with most of the wild-type cells showing a
fainter rim staining. Additionally, in a number of cells, TatE-
GFP was found concentrated in single clusters (Fig. 1B, arrows).
A similar occasional clustering has been described previously
for a GFP fusion of TatA when expressed in wild-type E. coli
cells (31, 34), and it has been shown to represent Tat translo-
cases that are engaged in the transport of the endogenous Tat
substrates of the cells.

Consistent with the assumption that single TatE-GFP clus-
ters might mark active Tat translocases, the number of clusters
increased dramatically upon co-expression of the model Tat
substrate TorA-mCherry (Fig. 1C). TorA-mCherry is a fusion
protein consisting of the signal sequence of the natural Tat
substrate TMAO (trimethylamine-N-oxide) reductase (TorA)
and the fluorescent protein mCherry, which has been shown in
vitro and in intact E. coli cells to be translocated across the
plasma membrane in a Tat-dependent manner (16, 34). When
TorA-mCherry was co-expressed with TatE-GFP together with
the chromosomally encoded TatABC components, rim stain-
ing of most cells was lost, and TatE-GFP was now found con-
centrated in several prominent clusters scattered along the cell
periphery (Fig. 1C). We noticed that increased cluster forma-
tion was not true for all cells. Some of them retained the rim
staining or contained only single TatE-GFP clusters (Fig. 1D,
arrows), much like cells expressing TatE-GFP without TorA-
mCherry (Fig. 1B). We therefore also analyzed the cells
depicted in Fig. 1D for the expression of TorA-mCherry by
taking pictures through a red filter (Fig. 1E). In fact, the same
cells in which TatE-GFP was found to be concentrated in a
single cluster or distributed evenly along the cell periphery
failed to show any red staining (Fig. 1E, arrows), proving that
they did not express TorA-mCherry. Conversely, in cells that
did co-express the Tat substrate, TatE had relocated from a
uniform distribution into distinct membrane clusters.
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We quantified the TatE-GFP dots in cells that either
expressed or lacked TorA-mCherry (cf. Fig. 1, B and C). In each
case, more than 500 individual cells derived from at least three
parallel experiments were used. Thereby, the Tat substrate
TorA-mCherry could be shown to increase the clustering of

TatE-GFP by a factor of 5 (Fig. 1F). This compares well with the
substrate-induced increase of TatA-GFP clusters determined
previously (31, 34).

To further demonstrate that these clusters reflect a function-
ally relevant reorganization of TatE-GFP during Tat transport,
we also tested a non-functional variant of TorA-mCherry in
which the characteristic double arginine motif (RR) in the TorA
signal sequence had been replaced by a double lysine (KK).
E. coli cells that expressed this transport-defective KK variant
of TorA-mCherry diffusely stained red and were separated by
non-stained gaps because of the retention of KK-TorA-
mCherry in the cytosol (Fig. 1G, right panel). In contrast, active
TorA-mCherry accumulated in the periplasm of cells, as man-
ifested by the appearance of red rims (Fig. 1E). When inspecting
the GFP signal in cells expressing KK-TorA-mCherry, TatE-
GFP was not found to be concentrated in multiple clusters but,
rather, showed the same staining of the cell periphery and the
occurrence of occasional single clusters (Fig. 1G, left panel) as
in cells that did not express any TorA-mCherry (Fig. 1B).

TorA-mCherry-dependent clustering of TatE-GFP also
strictly required the presence of the TatABC subunits. This is
shown in Fig. 1H (left panel), in which �Tat cells expressing
TatE-GFP together with TorA-mCherry showed the same
coarse-grained TatE-GFP-specific rim staining and lack of
prominent clusters as cells that did not contain any TorA-
mCherry (Fig. 1A). Therefore, TorA-mCherry was unable to
induce clustering of TatE-GFP when the TatABC subunits were
missing, lending strong support to the idea that the prominent
TatE-GFP clusters represent Tat translocases.

To further rule out that the varying membrane distribution
of TatE-GFP was caused by different expression levels, we
determined, by Western blotting, the TatE content of the cells
used above for fluorescent microscopy. Overexpression of TatE
went along with the emergence of an approximately 9-kDa
band recognized by anti-TatE antibodies (Fig. 2A, lane 1). In
cells overexpressing TatE-GFP, the major TatE-immunoreac-
tive material had the expected molecular mass of the TatE-GFP
fusion (approximately 37 kDa; Fig. 2A, lanes 3– 6). Expression
of TatE-GFP did not noticeably influence the amount of the
9-kDa TatE band, demonstrating stability of the TatE-GFP con-
struct. Importantly, the expression level of TatE-GFP did not
change upon co-expression of TorA-mCherry (Fig. 2A, com-
pare lane 3 with lane 4 and lane 5 with lane 6), indicating that
the different locations of TatE-GFP observed in Fig. 1 were, in
fact, only related to the presence or absence of the Tat substrate
TorA-mCherry and the other Tat components.

To finally demonstrate the functionality of our TatE-GFP
fusion, we assessed its ability to restore growth of a �tatAE
strain in the presence of 2% SDS (Fig. 2B). Compared with wild-
type tat� cells, the TatAE-lacking mutant did not grow on agar
plates containing 2% SDS unless expression of TatE or TatE-
GFP was induced by the addition of arabinose (Fig. 2B, compare
the top and bottom panel, � arabinose). TatE-GFP was almost
as active as wild-type TatE, and this effect was not due to cleav-
age of TatE-GFP into TatE (Fig. 2C).

Collectively, these data indicate that the location of TatE-
GFP is reorganized from a rather uniform distribution in the
plasma membrane to a number of clusters, provided that cells
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FIGURE 1. TatE-GFP relocates from a uniform membrane distribution to
discrete clusters in dependence of the TatABC subunits and a functional
Tat substrate. A, fluorescence micrograph of E. coli BL21(DE3)�tatABC cells
(�tat) expressing TatE-GFP from a derivative of pBAD33 (pEGFP) 2 h after
induction with 0.1% arabinose. The cells show a clear rim staining of the GFP
signal, often condensed to small grains (arrows). B, expression of TatE-GFP
together with the endogenous TatABCE proteins of BL21(DE3) wild-type cells
results in a smoother rim staining with few prominent clusters, often near the
cell poles (arrows). C–E, intracellular distribution of TatE-GFP in BL21(DE3)
wild-type E. coli cells when co-expressed with the model Tat substrate TorA-
mCherry (uninduced expression from pPJ3). Export of TorA-mCherry into the
periplasm can be gathered from the red rim staining (E). Expression of TorA-
mCherry induces enhanced clustering of TatE-GFP (C and D). Cells that fail to
express TorA-mCherry, as indicated by the loss of red stain (E, arrows), instead
show the same smooth rim staining of TatE-GFP (D, arrows) as cells shown in
B. The inset in C is an enlargement from an independent experiment. F, quan-
tification of substrate-induced TatE-GFP clusters using the cell image analysis
software CellProfiler. Indicated are the mean � S.E. of the bright dots per cell
obtained from counting at least 500 cells each. G, increased cluster formation
of TatE-GFP is not observed for the non-functional KK variant of TorA-
mCherry despite the presence of endogenous TatABC (wt). H, co-expression
of TorA-mCherry and TatE-GFP in the absence of TatABC (�tat), which does
not induce cluster formation of the GFP signal. Note the cytosolic location of
TorA-mCherry (no red rim staining) when its export is inhibited by the KK
mutant of TorA-mCherry (G) and by a lack of TatABC (H).
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co-express an active Tat substrate. A virtually undistinguish-
able staining pattern has been reported recently for fluores-
cently labeled TatA variants when challenged with active Tat
substrates (31, 34). We therefore propose that the substrate-de-
pendent clustering of TatE-GFP reflects its population and con-
comitant labeling of active Tat translocases.

Marked Propensity of TatE to Hetero-oligomerize with
TatA—To further analyze the interaction of TatE with the
other Tat components, the photo-activatable cross-linker
p-benzoyl-L-phenylalanine (Bpa) was introduced by an amber
stop codon approach into TatE at several positions. For this
purpose, we constructed derivatives of the vector pBAD33 in
which either the tatE gene alone (TatE) or tatE in front of tatBC
(TatEBC) or in front of tatABC (TatEABC) was cloned behind
the ara promoter. The corresponding plasmid carrying tatABC
in the absence of tatE was also constructed (TatABC). Classical
Shine-Dalgarno sequences were engineered in front of tatE and
the downstream tat operons. Using those vectors, amber stop
codon mutants of tatE were generated by mutagenizing PCR
and transformed into �tatABCDE cells of E. coli, which, upon
growth in the presence of Bpa, yielded the corresponding Bpa
variants of TatE. For comparison, variants of TatA that carried
Bpa at the corresponding positions as in TatE were constructed
in plasmids expressing tatABC and tatEABC.

Inside-out inner membrane vesicles (INV) were then pre-
pared from those strains and subjected to irradiation with UV
light to initiate photo cross-linking. Adducts to TatE were ana-
lyzed via Tricine SDS-PAGE and anti-TatE Western blotting.
Fig. 3A, top panel, �TatE, shows the results obtained when the
cross-linker was incorporated at position Thr-7 in the trans-
membrane helix of TatE. TatE-cross-reactive bands appearing
only after UV exposure of INV that contained the Thr-7Bpa
variant of TatE should represent adducts to TatE (Fig. 3A, com-
pare lane 3 with lanes 1 and 2). In fact, in vesicles containing
TatEThr-7Bpa alone (Fig. 3A, lane 3) or together with TatB and
TatC (Fig. 3A, lane 5), homo-oligomers of TatE up to presumed
pentamers could be detected in isolated vesicles (Fig. 3A, orange
stars). However, when vesicles contained TatE, TatB, TatC, and
TatA (Fig. 3A, lane 7), additional adducts were recognized by
anti-TatE antibodies (Fig. 3A, orange dots). The most promi-
nent of those had a molecular mass of about 19 kDa. It was
indistinguishable in size from a UV-dependent adduct obtained
from INV that contained the cross-linker in TatA at the equiv-
alent position (Trp-7) rather than in TatE (Fig. 3A, lane 11,
magenta dot). Co-migration of both adducts strongly suggests
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FIGURE 2. Expression levels of TatE-GFP in different cells and functional-
ity of TatE-GFP. A, E. coli strains used for fluorescence imaging in Fig. 1 were
analyzed via Western blotting. TatE (pEKI�) and TatE-GFP (pEGFP) expression
was induced by 0.1% arabinose. Two hours after induction, whole cells
derived from 1 ml of culture and adjusted to an A600 of 0.2 (per lane) were

precipitated with 5% trichloroacetic acid, separated by 9% Tricine SDS-PAGE,
and analyzed on immunoblots decorated with anti-TatE antibodies. Control
(Top10) E. coli cells overexpressing TatE (wt � TatE) show a TatE signal at �9
kDa (lane 1). BL21(DE3) wild-type cells express very little endogenous TatE.
TatE-GFP overexpression in BL21(DE3) (wt � TatE-GFP, lanes 3 and 4) and in
BL21(DE3)�tat (�Tat � TatE-GFP, lanes 5 and 6) is comparable and not influ-
enced by the simultaneous co-expression of TorA-mCherry (lanes 4 and 6). B,
cell growth on agar plates containing 2% SDS and 0.1% arabinose where
indicated. E. coli MC4100 cells (wt), the �tatAE mutant strain JARV16 (�TatAE),
JARV16 expressing TatE from plasmid pEKI� (�TatAE/TatE), and JARV16
expressing TatE-GFP from plasmid pEGFP (�TatAE/TatE-GFP) were grown in
liquid culture with or without 0.1% arabinose to an A600 of 2.0. Prior to plating,
cells were diluted to an A600 of 0.1 and serially diluted 5-fold. Cells lacking TatE
or TatE-GFP did not grow on SDS. C, cells used for the complementation assay
shown in B were analyzed via Western blotting. Arab, arabinose.
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that they represent a TatA-TatE heterodimer. In full agree-
ment, a 19-kDa adduct was also recognized by anti-TatA anti-
bodies irrespective of whether Bpa was incorporated into TatE
or TatA (Fig. 3A, �TatA, lanes 7 and 11).

Adducts larger than 19 kDa were also obtained for the
TatEThr-7Bpa and TatATrp-7Bpa variants (Fig. 3A, lanes 7 and 11,
orange and magenta dots). Because they were each missing in
vesicles that contained only TatE or TatA (Fig. 3A, compare
lanes 5 and 7 and lanes 9 and 11), they likely represent higher-
order TatE-TatA oligomers. Because those TatAE oligomers
can form only from homomers of the Bpa-containing Tat sub-

unit with maximally one Bpa-less heteromer cross-linked to it,
they differ in size depending on whether they contain more
TatA or TatE. The adduct labeled with an orange triangle (Fig.
3A) will be discussed below.

TatE did not only form cross-links with TatA when Bpa was
present in the N-terminal position Thr-7 of TatE. Cross-linking
to TatA also occurred through position Gly-33 located in the
amphipathic helix of TatE (Fig. 3B). Compared with Thr-7Bpa,
the Gly-33Bpa variant of TatE did not give rise to extensive
oligomerization but yielded only one UV-dependent adduct of
about 15 kDa corresponding to the size of a TatE dimer (Fig. 3B,
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FIGURE 3. Hetero-oligomerization of TatE and TatA. A, INV containing the indicated Tat components were UV-irradiated (�) to initiate cross-linking of the
Thr-7Bpa variant of TatE and the Trp-7Bpa variant of TatA. Homo- and hetero-oligomeric TatE adducts were resolved by Tricine SDS-PAGE and detected by
immunoblots using anti-TatE (�TatE), anti-TatA (�TatA), anti-TatB (�TatB), and anti-TatC (�TatC) antibodies. Orange stars mark TatE oligomers. The approxi-
mately 19-kDa adducts to TatEThr-7Bpa (orange dots) and TatATrp-7Bpa (magenta dots) are recognized by both antibodies and therefore indicate 1:1 complexes
between TatE and TatA. TatE-TatB cross-links are labeled with orange triangles. The �TatC immunoblot confirms equal loads of all vesicles analyzed. Numbers
to the left indicate the molecular masses of protein markers in kilodalton. B, as in A, except that INV contained the Bpa variants of TatE and TatA at position
Gly-33. TatEGly-33Bpa yielded more prominent heterodimers with TatA than homodimers with TatE.

TatE as a Constituent of Bacterial Tat Translocases

DECEMBER 4, 2015 • VOLUME 290 • NUMBER 49 JOURNAL OF BIOLOGICAL CHEMISTRY 29285



orange stars). However, a more prominent 19-kDa adduct
appeared on TatE and TatA blots, provided that INV contained
both TatE and TatA and carried Bpa at the conserved position
Gly-33 of either Tat subunit (Fig. 3B, orange and magenta dots).
Collectively, the results depicted in Fig. 3 imply that, under our
experimental conditions, TatE and TatA both exhibit a strong
propensity to assemble into hetero-oligomeric complexes.

TatE Also Cross-links to TatB and TatC—When UV-irradi-
ated vesicles carrying the TatEThr-7Bpa variant were also probed
for TatB-cross-reactive species, a 38-kDa adduct became visible
(Fig. 3A, �TatB, orange triangle). This adduct was also recog-
nized by the TatE antibodies but was absent from INV lacking
TatB (Fig. 3A, compare lanes 3 and 5), suggesting that it is a
TatE-TatB dimer.

We have reported previously that position Asp-31 of TatA,
which is conserved in TatE, is a rather specific contact site for
TatB (18). We therefore generated the Asp-31Bpa mutant of
TatE and analyzed its cross-linking behavior in the presence
and absence of TatA and also directly compared it with the
Asp-31Bpa variant of TatA (Fig. 4). As described above for the
TatE variants carrying Bpa at positions Thr-7 and Gly-33, UV
irradiation of INV harboring TatEAsp-31Bpa gave rise to the for-
mation of TatE homodimers (Fig. 4, lanes 6 and 8, orange stars).
In the presence of TatA, the 19-kDa TatE-TatA heterodimer
that was recognized by antibodies against TatE (�TatE) and
TatA (�TatA) was additionally obtained (Fig. 4, lane 8, orange
dots). An equally sized adduct resulted from the UV irradiation
of INV that had Bpa incorporated at position Asp-31 of TatA
rather than TatE (Fig. 4, magenta dots, compare lanes 8 and 12).
When these vesicles were also probed with anti-TatB antibod-

ies (�TatB), UV-dependent adducts of TatEAsp-31Bpa (Fig. 4,
orange triangles) and TatAAsp-31Bpa (Fig. 4, magenta triangles)
became visible, the sizes of which correspond to those expected
for TatE-TatB and TatA-TatB heterodimers, respectively.
Therefore, TatE and TatA both contact TatB at a conserved
residue in their amphipathic helices.

Interactions between TatE and TatC became evident using
the Leu-9Bpa mutant of TatE. Upon UV irradiation, membrane
vesicles containing this TatE variant again yielded TatE oligo-
mers (Fig. 5, lanes 6 and 8, orange stars) as well as the 19-kDa
TatE-TatA heterodimer when INV also contained TatA (Fig. 5,
lane 8, orange dots). The latter was again verified by its co-mi-
gration with an UV-dependent cross-link of INV containing the
Leu-9Bpa mutation in TatA instead of TatE (Fig. 5, compare
lanes 8 and 14, orange and magenta dots).

In addition, TatELeu-9Bpa gave rise to a cross-link of about 30
kDa (Fig. 5, lanes 6 and 8, orange squares), which was also rec-
ognized by anti-TatC antibodies (Fig. 5, �TatC, lanes 6, 8, and
10, orange and blue squares). Furthermore, it co-migrated with
a UV-dependent adduct of the Asp-150Bpa variant of TatC
(Fig. 5, lane 10, blue square). These results do not only demon-
strate the interaction of TatE with TatC but also identify Asp-
150 of TatC, which has been shown previously to interact with
TatA (13, 17), as a binding site for TatE. As reported previously
(13, 17), Asp-150 of TatC also cross-links to TatB. This is again
illustrated on the TatC and TatB blots in Fig. 5 (�TatB, �TatC),
revealing a prominent, �50 kDa adduct that was recognized
simultaneously by both antibodies (blue diamond, lane 10).

Finally, a cross-link of �37 kDa was detected by antibodies
directed against both TatC and TatA when vesicles contained
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FIGURE 4. TatE also interacts with TatB. INV were prepared from E. coli strains expressing the Asp-31Bpa variants of TatA and TatE in combination with the
indicated Tat components. After UV irradiation, INV were probed for TatA- and TatE-cross-reactive material by immunoblotting using anti-TatE (�TatE),
anti-TatA (�TatA), anti-TatB (�TatB), and anti-TatC (�TatC) antibodies. The 38-kDa TatE-TatB complexes are labeled with orange triangles and those between
TatA and TatB with magenta triangles. Marked are homo-oligomers of TatA (magenta stars) and TatE (orange stars) and heterodimers formed between TatE and
TatA and between TatA and TatE (orange and magenta dots, respectively). The TatA-TatE oligomer of �38 kDa (lane 12, �TatA, top magenta dot) is presumably
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TatE as a Constituent of Bacterial Tat Translocases

29286 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 290 • NUMBER 49 • DECEMBER 4, 2015



the Leu-9Bpa variant of TatA (Fig. 5, �TatA, �TatC, lane 12,
magenta square), reconfirming contacts reported previously
between TatC and the transmembrane helix of TatA (15, 18).
Therefore, TatA and TatE both cross-link to TatC via the same
conserved residue (Leu-9) and interact with TatC around its
residue Asp-150. Consistent with a common binding site of
TatA and TatE on TatC, the TatA-TatC adduct was largely
impaired in the presence of TatE (Fig. 5, magenta squares, lanes
12 and 14).

In Vitro Translocation Activity of TatE—Finally, we also
wanted to study the involvement of TatE in TatABC-based
translocation events on a functional level. To this end, we in
vitro-synthesized and radioactively labeled the two natural Tat
substrates SufI and AmiC and the artificial TorA-MalE and
incubated them with INV to allow transport into the lumen of
the vesicles. Afterward, samples were treated with proteinase K
to digest all non-translocated proteins. Fig. 6A shows the results
obtained with vesicles whose Tat translocases were composed
either of TatABC, TatEBC, or TatEABC. The maximal trans-

port of all three substrates, as judged by the amounts of protein-
ase K-resistant precursor (p) and signal sequence-less, mature
forms (m), was achieved when using vesicles that contained
TatA, TatB, and TatC (Fig. 6, lane 4). This is also illustrated in
Fig. 6B, which depicts quantified data obtained from several
independent experiments. As expected from previous in vivo
studies (26, 27, 29 –31), TatE was also able to compensate for a
lack of TatA in our in vitro assay (TatEBC) but with much
reduced efficiency (Fig. 6, A, compare lane 6 with lanes 2 and 4,
and B). When present simultaneously in the vesicles with TatA
at grossly similar levels (Fig. 6C), TatE did not significantly alter
the TatA-mediated translocation efficiency (Fig. 6B). The in
vitro translocation assays, therefore, seem to support the idea
that TatE cooperates with TatA in the regular translocation
process rather than being a fully functional surrogate of it.

Discussion

Our in vivo studies show that the induced expression exclu-
sively of an intact Tat substrate causes TatE to form multiple
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of TatE and TatA as well as the Asp-150Bpa variant of TatC were UV irradiated and analyzed by immunoblotting using antibodies against all Tat components
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clusters in the membrane as long as the other Tat components
are present, suggesting that those clusters represent active Tat
translocases. Consistent with this assumption, cells that did not
overexpress a Tat substrate frequently showed TatE-GFP accu-
mulated in only one single cluster, often near one of the cell

poles. These single clusters most likely mark individual Tat
translocases involved in the housekeeping export of endoge-
nous Tat substrates because they were not seen when TatE-
GFP was expressed in the absence of TatABC. The intracellular
TatE-GFP levels were unchanged whether or not the TatABC
subunits and a recombinant Tat substrate were co-expressed.
Therefore, clustering of TatE-GFP obtained only in the pres-
ence of the TatABC subunits and an intact Tat substrate cannot
be due to the formation of inclusion bodies from overexpressed
TatE-GFP. Rather, the results suggest that, in live E. coli cells,
TatE is recruited to sites where Tat substrates are exported
across the plasma membrane. They do, however, not allow
assessment of whether TatE joins TatABC translocases and,
therefore, whether it is involved regularly in all Tat-specific
translocation events of E. coli or whether TatA-less translo-
cases composed of TatEBC occur.

Association of TatE with TatABC translocases, however, is
strongly suggested by our cross-linking studies. They revealed
interactions of TatE with all other Tat subunits, TatA, TatB,
and TatC, of which the most prominent ones were those with
TatA. The formation of composite TatABCE translocases is
actually supported by several past findings. Thus, the TorA
activity was found to be mislocalized drastically to the cyto-
plasm both in the �tatA and �tatE mutant strains (27), from
which the authors inferred that the Tat translocase might con-
tain copies of both proteins. In another study, a TatA-YFP con-
struct was found to be distributed over the whole plasma mem-
brane of E. coli cells, provided that the cells also contained TatE,
whereas it accumulated in a few spots in the absence of TatE
(31). The authors concluded that the largely inactive TatA-YFP
caused a transport arrest of the Tat translocases from which it
could only be released after the concomitant binding of active
TatE molecules. In addition, the inactive TatA-YFP fusion
markedly enhanced TatE-mediated transport, also supporting
an interaction of TatA and TatE at the active Tat translocases
(31).

Because the molecular mechanism by which TatA mediates
the translocation step is not known, one can only speculate as to
the possible roles that TatE might fulfil. In vivo, TatE seems to
be expressed at an approximately 50 times lower level than
TatA (33). A few TatE molecules could therefore interdigitate
between TatA protomers and, thereby, enhance the transloca-
tion-promoting function of TatA, be it the formation of trans-
location pores or the destabilization of the lipid bilayer. In
general, TatE could influence the extent to which TatA oli-
gomerizes. Because we found TatE cross-linked to TatC, it
might also affect the way in which TatA and/or TatB associate
with TatC. Common binding sites of TatA and TatB on TatC
have recently been demonstrated, and it has been suggested
that TatB might control the access and oligomerization of TatA
on the inside of concentric TatBC assemblies (6, 15, 17). As we
have shown here, TatE, at high concentrations, seems to be able
to displace TatA from TatC. TatE, therefore, seems to be
another player in influencing the association and, possibly,
assembly of TatA and TatB on TatC. Our collective data sug-
gest that TatE, rather than totally replacing TatA, is a regular
constituent of TatABC-based translocases.
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FIGURE 6. Influence of TatE on the translocation of in vitro-synthesized
Tat-dependent substrates. A, the RR precursor proteins pSufI, TorA-MalE
(TMal), and AmiC were in vitro-synthesized and radiolabeled by cell-free tran-
scription/translation in the absence or presence of INV containing, in addition
to TatB and TatC, either TatA (TatABC), TatE (TatEBC), or both (TatEABC). Where
indicated, samples were digested with proteinase K (PK) to visualize protease-
resistant, i.e. translocated, precursor (p) and mature (m) forms of the indicated
proteins. Radiolabeled proteins were separated by SDS-PAGE and visualized
by phosphorimaging. B, quantitative data (mean � S.E.) obtained from seven
parallel experiments for the precursor protein pSufI (blue columns) and three
parallel experiments for the precursors AmiC (red columns) and TorA-MalE
(green columns) shown in A. Transport efficiency of the indicated INV was
calculated using analyzing tools of ImageQuantTL. INV containing only
TatEBC showed significantly reduced translocation activity compared with
INV containing TatABC and TatEABC. C, the Tat components of the indicated
vesicles were separated by Tricine SDS-PAGE and visualized by immunoblot-
ting using polyclonal antibodies against TatE (�TatE), TatA (�TatA), TatB
(�TatB), and TatC (�TatC).
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