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ABSTRACT: The twin-arginine translocation (Tat) system serves to transport folded
proteins across membranes of prokaryotes and plant plastids. In Escherichia coli, a
complex consisting of multiple copies of TatB and TatC initiates the transport by binding
the signal peptides of the Tat substrates. Using blue-native polyacrylamide gel
electrophoresis, bands of TatBC-containing complexes can be detected at molecular
masses of 440 and 580 kDa. We systematically analyzed the formation of Tat complexes
with TatB or TatC variants that carried point mutations at selected positions. Several
mutations resulted in specific disassembly patterns and alterations in the 440 kDa:580
kDa complex ratios. The 440 kDa complex contains only TatBC, whereas the 580 kDa
complex consists of TatABC. Substrate binding results in a TatBC−Tat substrate
complex at ∼500 kDa and a TatABC−Tat substrate complex at ∼600 kDa. Only the
∼600 kDa complex was detected with nonrecombinant substrate levels and thus could be
the physiologically most relevant species. The results suggest that some TatA is usually associated with TatBC, regardless of
substrate binding.

The twin-arginine translocation (Tat) system consists of
two membrane-integral complexes that transiently interact

to translocate fully folded proteins.1 In Escherichia coli and plant
plastids, these complexes are composed of three proteins: TatA
forms homooligomers, and TatB tightly associates with TatC.
TatBC components recognize the signal peptides of Tat
substrates. Thereafter, TatA is recruited and facilitates transport
by an unresolved mechanism. TatABC complexes have been
found to contain TatB and TatC subunits in a 1:1 ratio, and a
variable amount of associated TatA.2 In bacterial systems, it has
not been clarified whether all association of TatA with TatBC
depends on substrate binding, but TatA has been proposed to
be important for the stability of the TatBC complex.3 The TatC
component contains six transmembrane domains with the N-
and C-termini facing the cytoplasm, and it is proposed to form
multiple dimers within TatBC complexes.4 There are natural
TatC−TatC tandem fusion proteins in which the two TatC
units are separated by two additional transmembrane domains,
suggesting close but not direct proximity of the sixth and first
transmembrane domains in natural TatC dimers.5 TatB
protomers consist of an N-terminal membrane anchor, directly
followed by a hinge region that connects to an amphipathic
helix at the inner face of the cytoplasmic membrane and a
highly polar region at the C-terminus.6 Residues in the N-
terminal half of TatC most likely play important roles in
substrate recognition.7−12 TatB also takes part in substrate
binding, and involved amino acid residues have been genetically
identified in the N-terminus.7,9,13 A direct interaction between
TatB and TatC was detected by means of cysteine substitutions
positioned at L9 of TatB and M205 of TatC in a
transmembrane domain close to the C-terminus of TatC.14

As TatB binds near the C-terminus of TatC and the substrate

interacts with TatB and the N-terminus of TatC, functional
TatC is likely to be oligomeric with N- and C-termini of
adjacent TatC protomers in the proximity of TatB. A recently
determined X-ray structure of Aquifex aeolicus TatC protomers
and interaction studies with TatC in detergent micelles revealed
important interaction sites,15 but the organization of the
oligomeric complexes is still unclear. TatC is able to form a 250
kDa complex in the absence of the other Tat components,
which is proposed to form the scaffold for higher-molecular
mass TatBC-containing complexes that migrate at apparent
masses of 440 and 580 kDa in blue-native polyacrylamide gel
electrophoresis (BN-PAGE) analyses.16,17 Upon membrane
solubilization, TatA complexes appear over a broad range of
sizes, and it has been proposed that these variable TatA
associations could represent gated translocon pores that may
have the ability to adjust their diameters to the respective Tat
substrate.18 Alternatively, the “membrane weakening and
pulling” model suggests that TatA serves to permeabilize the
membrane in the direct vicinity of TatC, while TatC
contributes the driving force for unidirectional transport by
means of a pulling event.19 Accumulating evidence favors this
model,20 and molecular dynamics simulations strongly support
membrane weakening by TatA.21

To gain insights into the formation of TatBC complexes, we
analyzed disassembly, TatA association, and substrate binding
in more detail. Our data indicate a structural flexibility and
modular composition of these assemblies. We could differ-
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entiate four distinct high-molecular mass TatBC-containing
complexes that differ in TatA and substrate content. Substrate
was detected predominantly in TatA-containing complexes.

■ EXPERIMENTAL PROCEDURES

Strains and Growth Conditions. E. coli MC410022 or its
tatABCDE deficient derivative DADE23 was used for physio-
logical studies, and E. coli XL1-Blue Mrf′ Kan (Stratagene) was
used for cloning. Strains were grown aerobically at 37 °C in LB
medium [1% (w/v) tryptone, 1% (w/v) NaCl, and 0.5% (w/v)
yeast extract] in the presence of appropriate antibiotics (100
μg/mL ampicillin and 25 μg/mL chloramphenicol). Cultures
were harvested at an OD600 of 1.0. Sodium dodecyl sulfate
(SDS) sensitivity was determined via aerobic growth in LB
medium with or without 4% (w/v) SDS, using the quotient
OD600 plus SDS/OD600 minus SDS after growth for 3 h. Strict

TMAO respiratory growth was assessed by growing the strains
anaerobically (Hungate tubes) in M9 minimal medium with
0.8% (v/v) glycerol as the sole carbon source, 1.1% (w/v)
TMAO, 1 μM Na2SeO3, and other trace elements (SL1224).
Cultures containing pBAD-ycdB-strep were harvested after
being grown for 2 h with 0.01% arabinose added at an OD600
of 0.6. For 55Fe labeling experiments, M9 minimal medium was
used and 55Fe (10 μCi) was added to 10 mL growing cultures
at an OD600 of 0.6. Cells were harvested after growth for an
additional hour.

Plasmids and Genetic Methods. The pABS-tatABC
vector25 was used for constitutive tatABC expression. Single-
amino acid exchanges in TatB or TatC were introduced by
QuikChange mutagenesis (Stratagene), using the pABS-tatABC
vector and the following forward primers in conjunction with
reverse primers that cover the identical sequence region: tatB-
D3A-F, GGT GTA ATC CGT GTT TGc cAT CGG TTT

Figure 1. Detection of substrate-bound Tat complexes and requirement of a functional twin-arginine signal peptide for translocon binding. (A) BN-
PAGE−autoradiography analysis of 55Fe-labeled proteins in digitonin-solubilized membranes. Strains carrying indicated selected Tat components
were generated on the basis of the Tat system deficient strain DADE, using a pABS-tatABC, pZA-tatBC, or pABS-tatC vector for constitutive
production of the Tat components. The pZA-tatBC vector was designed to achieve fully functional TatBC complexes without excess TatB, which
required lower expression levels. Where indicated, the Tat substrate HiPIP with either its natural twin-arginine signal peptide (RR) or the RR>KK
mutant derivative (KK) was constitutively produced using the pEXH5-tac or pEXH5-KK-tac vector, respectively. (B) BN-PAGE−Western blot
detection of the twin-arginine-dependent binding of the Tat substrate YcdB in the TatABC- and TatBC-producing strains, using either the
StrepTactin−HRP conjugate (left) or YcdB-specific polyclonal antibodies (right). (C) Detection of RR-YcdB-bound complexes (▶ and •) in the
presence or absence of TatA. RK-YcdB served as a negative control. Western blot detections of indicated Tat components. An enhanced duplicate of
the TatBC lanes demonstrates the presence of the TatBC-dependent 440 and 500 kDa bands and the absence of the 580 and 600 kDa bands in the
TatA deficient strain (right, enh. TatBC). (D) TatBC-containing complexes in the 440−600 kDa region as detected by BN-PAGE−Western blot
analyses using the TatC antiserum. TatABC strain in combination with RR- or RK-YcdB as used in panel B: (▶) TatABC−Tat substrate complex at
∼600 kDa, (•) TatBC−Tat substrate complex at ∼500 kDa, (empty triangles and ○) substrate-free 580 kDa TatABC and 440 kDa TatBC
complexes, respectively, (∗) Tat-unrelated signal, and (p) precursor bands that are not related to TatBC-containing complexes. Positions of marker
proteins are indicated (158, 440, and 880 kDa) as small bars on the right sides of the blots.
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TAG CGA AC; tatB-E8A-F, GAT ATC GGT TTT AGC Gcc
CTG CTA TTG GTG TTC; tatB-P22A-F, CGT CGT TCT
GGG GgC GCA ACG ACT GCC; tatB-K30A-F, GCC TGT
GGC GGT Agc cAC GGT AGC GGG CTG; tatC-L9A-F,
GAA GAT ACT CAA CCG gcc ATC ACG CAT CTG ATT
G; tatC-R17A-F, CAT CTG ATT GAG CTG gcc AAG CGT
CTG CTG AAC TG; tatC-P48A-F, CAC CTG GTA TCC
GCG gCc TTG ATC AAG CAG TTG; tatC-P85A-F, GAT
TCT GTC AGC GgC GGT GAT TCT CTA TCA G; tatC-
F94A-F, CTA TCA GGT GTG GGC Agc gAT CGC CCC
AGC GCT G; tatC-I95A-F, CAG GTG TGG GCA TTT gcC
GCC CCA GCG CTG; tatC-P97A-F, GGC ATT TAT CGC
CgCcGC GCT GTA TAA GCA TG; tatC-E103A-F, CGC
TGT ATA AGC ATG cgC GTC GCC TGG TGG TG; tatC-
E103D-F, CGC TGT ATA AGC ATG AtC GTC GCG TGG
TGG TG; tatC-F118A-F, CCA GCT CTC TGC TGg ccT
ATA TCG GCA TGG C; tatC-Y154A-F, CAC CGA CAT
CGC CAG Cgc cTT AAG CTT CGT TAT G; tatC-P172A-F,
GTC TCC TTT GAA GTG gCG GTA GCA ATT GTG C;
tatC-L189A-F, CCT CGC CAG AAG ACg ccC GCA AAA
AAC GCC CG. pBAD-tatB and pABS-tatC were described
previously.17 The pZA-tatBC plasmid was generated by cloning
tatBC into EcoRI- and PstI-digested pZA31MCS (Expressys)
using primers tatB-EcoRI-F (GAA GAC GCG AAT TCC CAC
GAT AAA GAG C) and tatC-PstI-R (GGC GGC TGC AGT
TAT TCT TCA GTT TTT TCG). pEXTac-tatABCstrep was
generated by cloning the tatABCstrep-containing NdeI−PvuI
fragment from pBW-tatABCstrep into the corresponding sites of
pEXH5-tac.26 pBW-tatABCstrep was generated by cloning a
tatABCstrep polymerase chain reaction fragment (to fuse a
Strep-tag II to the C-terminus of TatC) into the NdeI and
HindIII sites of pBW22.27 For pEXTac-tatABC(E103A)strep,
the E103A exchange was made using the tatC-E103A
QuikChange primers mentioned above.
For translocation assays, the hip gene that encodes the full-

length natural HiPIP precursor or the RR>KK variant was co-
expressed from the tac promoter in pEXH5-tac or pEXH5-tac-
KK, respectively.26 For YcdB production, the pBAD-ycdB-strep
vector and a QuikChange-generated derivative encoding
RR>RK mutant YcdB (forward primer, ycdB-RK-F, GAA
CCG TCA CGC AAA CGT TTA CTG AAA) were used.28

All constructs were confirmed by DNA sequencing.
Biochemical Methods. BN-PAGE was performed with 5

to 13.5% gradient gels, and samples were prepared as described
previously,26 but without β-mercaptoethanol in the buffers.
Sodium dodecyl sulfate−polyacrylamide gel electrophoresis
(SDS−PAGE) analysis was conducted according to the method
of Laemmli,29 and protein estimations were conducted by the
method of Lowry.30 Subcellular fractionations into the
periplasm, membranes, and cytoplasm were performed with
50 mL cultures as described previously.31 Affinity chromatog-
raphy was conducted essentially as described previously2 but
with 10% glycerol and 10 mM MgCl2 (no KCl) in all buffers.
For immunoblots, proteins were semi-dry-blotted on nitro-
cellulose membranes, and blots were developed with antibodies
directed against synthetic C-terminal peptides of TatA, TatB,
TatC, purified HiPIP,32 or purified YcdB, using the ECL system
(GE Healthcare) for signal detection. Strep tags were detected
by horseradish peroxidase-coupled StrepTactin (IBA). HRP-
conjugated goat anti-rabbit antibodies (Bio-Rad) served as
secondary antibodies. For stripping, we incubated the blots with
100 mM glycine (pH 2.8), 1% SDS, and 0.2% Tween 20 for 30
min, followed by three washing steps with PBS. This protocol

gave no detectable background. The chain formation
phenotype was assessed by phase contrast microscopy.
Complementation of the SDS sensitivity of the Tat mutant
strains was quantified as described by Ize et al.33

In the case of 55Fe-containing cells, membranes of 10 mL cell
cultures were prepared by lysozyme−osmotic shock treatment
of spheroplasts to minimize volumes and contaminations.
Spheroplasts, prepared by cold osmotic shock,31 were
resuspended in 0.2 mg/mL lysozyme, 10 mM Tris-HCl (pH
8.0), 0.1 mM EDTA, and 20% sucrose, incubated for 20 min at
room temperature, harvested, and again shocked in 5 mM cold
MgSO4 to disrupt the cells. After separation of the cell debris,
membranes were prepared by ultracentrifugation and used for
solubilization and BN-PAGE.

■ RESULTS
Detection of Iron-Containing Substrates in a Single

∼600 kDa TatABC Complex. In BN-PAGE analyses,
digitonin-solubilized TatBC-containing complexes migrate at
molecular masses of 440 and 580 kDa.17,26 Multiple TatA
signals are detected over a broad range of sizes that correspond
to multimeric modular complexes.34 So far, the question of
whether the two TatBC-containing complexes result from
differences in subunit composition, complex conformation, or
substrate binding could not be answered.26 To address
substrate binding, we added 55Fe to the growth medium,
which labels the many Tat substrates that are known to be
transported together with assembled iron-containing cofac-
tors35 (Figure 1A). To look for possible effects of overproduced
iron−sulfur cluster-containing Tat substrates, we included
recombinant high-potential iron−sulfur protein (HiPIP) and
a translocation deficient variant with an RR>KK mutated signal
peptide in our analyses.31 A sharp Tat-specific 55Fe-labeled
band at ∼600 kDa was detected only when TatA was present in
addition to TatB and TatC, which indicates a translocation
intermediate after the recruitment of TatA to TatBC [Figure
1A (▶)]. A second, stronger 55Fe signal was diminished in the
presence of overproduced HiPIP, irrespective of the presence of
RR or KK motifs in the signal peptide [Figure 1A (∗)]. It was
also present in Tat deficient membranes and thus unrelated to
Tat (data not shown). We suggest that the incorporation of
iron into this unknown membrane protein was limited by the
reduced availability of free iron due to the excess of
heterologous iron-sequestering HiPIP. The TatABC-dependent
55Fe signal at ∼600 kDa was largely independent of HiPIP
overproduction [Figure 1A (▶)], indicating that the
abundance of detected translocation intermediates was not
influenced by HiPIP. The easiest explanation for this
observation could be a higher affinity of the detected substrates
for the Tat translocon and possibly also for iron ions. This
higher affinity is likely, as the binding of these Tat substrates to
the Tat system resisted detergent treatment, which was not the
case for HiPIP.

The Level of Membrane-Associated HiPIP Is Depleted
in the Presence of a Functional Tat System. While the
HiPIP precursor is only a “weak” translocon-binding substrate
that is washed off during solubilization, it is known to interact
signal peptide-dependently with biological membranes,31,36 and
this interaction could be nicely detected. The free 55Fe-labeled
HiPIP precursor accumulated at the cytoplasmic membrane
when transport was compromised by RR>KK mutations or a
lack of translocon components [Figure 1A (p)]. Additional
diffuse bands indicated multiple interactions with Tat-unrelated
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proteins. Importantly, the level of HiPIP in the membrane
fraction was depleted when it could be Tat-dependently
translocated, i.e., in the presence of the TatABC components
and its functional RR signal peptide (Figure 1A, TatABC/RR).
This supports the current view that Tat substrates can interact
with membranes prior to translocation.37,38

YcdB Is Specifically Detected in the ∼600 kDa TatABC
Complex. As the 55Fe signals indicated iron-containing
substrates in ∼600 kDa TatABC complexes, we searched for
individual Tat substrates that might bind tightly enough to the
Tat translocon for detection by immunoblotting. The natural E.
coli Tat substrate YcdB (also termed EfeB), a heme-containing
protein of the DyP peroxidase family involved in iron
acquisition,28,39,40 was detected both by the StrepTactin−HRP
conjugate that recognized the C-terminal Strep tag of the
construct and by a polyclonal YcdB-specific antibody (Figure
1B). In agreement with the 55Fe labeling results, YcdB was
found in a Tat-specific complex at ∼600 kDa [Figure 1B (▶)].
This band was not detected in the absence of TatA, confirming
that the ∼600 kDa substrate-containing complex is a TatABC
complex (Figure 1B, TatBC). The correlating detections with
55Fe as well as with the YcdB antibody thus both revealed a
substrate-containing TatABC complex at ∼600 kDa. An
RR>RK exchange in the twin-arginine motif virtually abolished
the signal, indicating that the interaction depended on the
recognition of the RR motif by TatBC. As first observed with
the RK variant of the natural Tat substrate GFOR,41 the
RR>RK mutation blocks the transport of YcdB (data not
shown). An additional very faint RR-YcdB signal in the region
of ∼500 kDa [Figure 1B (•)] seemed to be independent of
TatA. When we used Tat-specific antibodies to detect TatABC-
and TatBC-containing complexes with bound RR-YcdB, using
RK-YcdB as negative control, we could differentiate four
different high-molecular mass Tat complexes (Figure 1C): the
well-known 440 and 580 kDa complexes that were independent
of RR-YcdB production and thus likely to be independent of
substrate binding (Figure 1C, TatABC RK lanes) and the ∼500
and ∼600 kDa complexes that were induced by RR-YcdB
binding and therefore were the substrate-containing complexes
that had been detected in Figure 1B. The 580 and 600 kDa
complexes depended on the association of TatA, although the
direct detection of TatA as a component of the mentioned Tat
complexes was prevented by the many signals of modular TatA
complexes in that region (Figure 1C, left panel). The
differentiation of all four complexes in BN-PAGE gradient
gels is not trivial, especially in the case of the 580 and 600 kDa
TatABC complexes that can only be distinguished visually by
direct side-by-side comparison. To facilitate further reading, the
positions of all Tat complexes in that size range are summarized
in Figure 1D. To the best of our knowledge, this is the first
detection of a natural Tat substrate bound to a functional
bacterial Tat system by BN-PAGE, and the first differentiation
of TatA-dependent and -independent TatBC complexes.
Individual Point Mutations in TatB and TatC Affect

the BN-PAGE Pattern of TatBC Complexes. We then
examined possible effects of single-amino acid substitutions in
TatB and TatC subunits to dissect the formation of TatBC-
containing complexes in the presence of TatA. Such
substitutions were likely to influence detergent resistance and
migration behavior of the high-molecular mass Tat complexes
in native gels, and we examined a total of 17 point mutations in
our screen to find examples that were useful for the
identification of assembly intermediates and substrate-bound

Tat complexes. Mutations in key regions of TatB included a
charge in the extreme N-terminus (D3A), a highly conserved
negative charge in the transmembrane region (E8A), an equally
conserved proline residue in the hinge region (P22A), and a
positive charge in the amphipathic helix (K30A) (Figure 2). For
TatC analyses, we selected exchanges at conserved or

Figure 2. Effect of TatB point mutations on the stability of TatBC
complexes. TatBC complexes with the indicated point mutations in
TatB were analyzed by BN-PAGE and Western blotting, using
antibodies against TatB (top) and TatC (bottom). The positions of
the TatB substitutions are schematically depicted above the blots.
Mutations were introduced into the low-copy number vector pABS-
tatABC, which constitutively expresses the tatABC operon under
control of its natural PtatA promoter. Typical disassembly bands are
labeled with dots, with larger dots indicating a pronounced
disassembly band at ∼120 kDa and the 440 kDa TatBC complex.
Positions of the 440 and 580 kDa TatBC complex bands as well as the
120 kDa module are indicated at the left. Arrow heads (>) point to the
smallest and more diffuse disassembly product that occurred with
TatB-E8A and -P22A mutations. Positions of BN-PAGE marker
proteins are indicated as small bars on the right side of the blots (158,
440, and 880 kDa). SDS−PAGE and Western blotting data show that
TatABC components were stably produced in comparable amounts
(lowermost blots; TatA migrates at 18 kDa, and TatB and TatC
migrate near 29 kDa).
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experimentally identified important positions (L9A, R17A,
P48A, P85A, F94A, I95A, P97A, E103A, E103D, F118A,
Y154A, P172A, and L189A) (Figure 3). A control without any
point mutation (Figure 2, TatB-wt, and Figure 3, TatC-wt)
displayed the typical TatBC complex signals at 440 and 580
kDa.17,26 Point mutations in TatB and TatC often resulted in
the detection of five disassembly bands with both proteins at
constant ratios, which suggests a modular assembly of the
TatBC complexes [Figures 2 and 3 (■)]. These disassembly
patterns slightly varied, but the bottom two disassembly bands
were usually most prominent. Clearly, alanine substitutions of
TatC-R17 and TatC-P48 strongly affected the assembly of
TatBC complexes. These results confirmed earlier analyses of
the P48A exchange.42 Continued dissociation to below 120 kDa
was hardly observed, with the exception of TatB-E8A, TatB-
P22A, and TatC-R17A mutations. Here, an additional diffuse
lower-molecular mass signal corresponds most likely to
monomeric TatB and TatC [Figures 2 and 3 (>)]. Therefore,
the 120 kDa module could be a minimal TatB- and TatC-
containing unit that can oligomerize to form the larger
complexes. In previous purification studies, a TatC-His6-
containing complex of similar size was detected.16 BN-PAGE
analyses with the slightly harsher detergent C12E9 in
comparison with the more commonly used digitonin revealed
the ability of TatB alone to form trimeric modules that can
multimerize, whereas the homooligomeric 250 kDa TatC
complex consists of six units (Figure 4). Such TatB or TatC
self-interactions may trigger the modular assembly to larger
TatBC complexes.

Besides the disassembly aspects, we often noted alterations of
the 440 kDa:580 kDa band ratios, which were in most cases
decreased abundances of the 580 kDa complex that coincided
with higher relative abundances of the 440 kDa TatBC complex
(Figures 2 and 3). The TatB-E8A and TatB-P22A variants as
well as several TatC point mutations (I95A, P97A, E103D,
Y154A, and P172A) gave rise to small shifts or doublet signals
in the 580 kDa region. F118A and L189A substitutions in TatC
resulted in a virtually complete loss of the 580 kDa TatABC
complex signal. Only with TatC-Y154A did we observe a
depletion of the 440 kDa band, whereas the 580 kDa band was
enhanced. In summary, we could successfully identify some
TatB and TatC mutations that selectively affected the
abundance and pattern of TatBC-containing complexes,
which was useful for the envisaged differentiation of the
TatABC-dependent 580 and ∼600 kDa complexes.

Effects of Single-Amino Acid Substitutions in TatB
and TatC on Activity. Before further analyses, we examined
the effects of the mutations on translocation activity. Activity
assays that monitor translocation of HiPIP19 (Figure 5), the
TMAO reductase TorA,43 and amidases AmiA and AmiC33

(Table 1) by the mutated Tat systems were employed. In
agreement with previous studies, HiPIP and TorA transport
was completely inhibited by TatC-P48A, TatC-F94A, and
TatC-E103A and strongly affected by TatC-E103D.4,10,12,44,45

The transport of AmiA and AmiC was only abolished by TatC-
P48A and TatC-E103A mutations and significantly inhibited by
TatC-F94A and TatC-E103D. The strong effects of mutations
at positions F94 and E103 most likely relate to substrate

Figure 3. Effect of TatC point mutations on the stability of TatBC complexes. Detection of TatBC-containing complexes as in Figure 2, but with
indicated point mutations in TatC. Labels are used as in Figure 2. Arrow heads (>) point to the smallest and more diffuse disassembly product. The
asterisks (∗) highlight TatC mutations that result in altered 580 kDa bands. The small bars on the right side of the blots mark positions of BN-PAGE
marker proteins (158, 440, and 880 kDa).
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binding,10 whereas a plausible explanation for the loss of
function caused by the P48A exchange in TatC would be the
strongly perturbed TatBC assembly process (Table 1 and
Figure 3).42 The TatC-R17A mutation was found to decrease
transport activity to a variable extent (Table 1 and Figure
5),44,45 and our data suggest translocon disassembly as a
conceivable reason (Figure 3). TMAO growth data could also
reveal minor effects of noninactivating Tat system mutations in
the second cytoplasmic TatC domain (I95A, P97A, and
F118A) that resulted in retarded growth (Table 1). This
underlines the generally accepted importance of this region for
substrate binding.7,10−12

Mutational Differentiation between the ∼600 kDa
Substrate-Containing and 580 kDa Substrate-Independ-
ent TatABC Complexes. We then analyzed substrate binding
effects on mutated Tat complexes with altered migration
behavior, namely, TatC-P97A that caused a split 580 kDa
signal, TatC-Y154A that depleted the 440 kDa band, TatC-
L189A that depleted the 580 kDa complex, and wild-type TatC
as a positive control (Figure 6A). The Tat substrate YcdB
associated with the wild-type Tat system and with the TatC-

Figure 4. Evidence of trimeric TatB modules and a hexameric 250 kDa
TatC complex in the absence of other Tat components. Membranes of
strains containing only TatB (DADE pBAD-tatB) or only TatC
(DADE pABS-tatC) have been solubilized by either digitonin (dig) or
C12E9 and analyzed by BN-PAGE and Western blotting to detect the
respective components. It is known that TatB forms modular “ladders”
in the absence of the other Tat components and that TatC forms a
250 kDa complex in BN-PAGE analyses with digitonin as the
detergent (left lanes in the two blots and ref 17). Via substitution of
digitonin with C12E9 for solubilization, a limited disassembly of the
TatB modules and TatC complexes was achieved (right lanes). TatB
module bands and intermediate bands that originate from partial
disassembly of these modules are indicated by large and small bars,
respectively (left panel). The TatC blot shows the 250 kDa TatC
complex as seen after digitonin solubilization (∗) and the numbered
disassembly bands that are detected after C12E9 solubilization (right
panel). Positions of size markers (158, 440, and 880 kDa) are
indicated at the right of the blots.

Figure 5. Activity of mutated TatBC complexes. Detection of HiPIP in
subcellular fractions of the strains with indicated mutations in TatB or
TatC. The Tat substrate HiPIP was constitutively produced using the
pEXH5-tac vector. Transport is recognized by the presence of mature
HiPIP (∼12 kDa) in the periplasm, with no significant precursor
contamination. Precursor HiPIP (∼16 kDa) is exclusively detected in
cytoplasm or membrane fractions and is partially degraded to a mature
size.

Table 1. TMAO Respiratory Growth, SDS Resistance, and
Cell Division Phenotypes of the TatB and TatC Mutated
Strains Used in This Study

TMAO
respirationa

SDS
resistanceb

chain
formationc

wt Tat +++ (1.4 at 21 h) +++ −
empty vector control − − +
TatB D3A +++ (1.3 at 27 h) ++ −
TatB E8A +++ (1.2 at 27 h) +++ −
TatB P22A +++ (1.4 at 25 h) +++ −
TatB K30A +++ (1.2 at 27 h) +++ −
TatC L9A +++ (1.3 at 23 h) +++ −
TatC R17A ++ (0.8 at 27 h) +++ −
TatC P48A − − +
TatC P85A +++ (1.2 at 27 h) +++ −
TatC F94A − + ±
TatC I95A ++ (0.9 at 27 h) +++ −
TatC P97A ++ (0.75 at 27 h) +++ −
TatC E103A − − +
TatC E103D + (lag of >60 h) + +
TatC F118A +++ (1.4 at 27 h) +++ −
TatC Y154A +++ (1.1 at 27 h) +++ −
TatC P172A +++ (1.5 at 21 h) +++ −
TatC L189A +++ (1.5 at 21 h) +++ −
aTMAO respiratory growth on the nonfermentable carbon source
glycerol indicates functional Tat transport of the TMAO reductase
TorA: +++, yields similar to those of wild-type Tat systems; ++, small
effects on growth; +, strong effects on growth; −, no growth. The
maximal OD600 and the time point of this maximum are given in
parentheses. bSDS resistance as monitored by the percentage of liquid
culture density (OD600) when cells were grown for 3 h at 4% SDS
relative to growth at 0% SDS. Tat deficient strains or strains with
nonfunctional Tat systems are highly sensitive to SDS:33 +++, no
significant SDS sensitivity; ++, slight defects in SDS resistance (<80%
of that of the wild type); +, strong defects in SDS resistance (<60% of
that of the wild type); −, complete SDS sensitivity as found with a Tat
deficient strain. cAssessment of the cell chain formation phenotype.
Cell chains are caused by the impaired translocation of amidases AmiA
and AmiC that are involved in cell separation after cell division, which
is directly related to the SDS sensitivity phenotype:33 −, no cell chains
formed; ±, short chains of three or four cells; +, long chains of up to
10 cells.
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L189A mutated Tat system in a RR-dependent manner and
induced the formation of the substrate-containing ∼500 and
∼600 kDa bands described above, indicating unaffected
substrate binding. However, the TatC L189A mutation
selectively affected the 580 kDa TatABC complex without
bound substrate, although substrate binding was clearly
detected (see Discussion). The TatC-Y154A substitution
reduced the detectable YcdB, and the TatC-P97A variant
showed an almost complete loss of the YcdB signal. This
indicates that YcdB binding is weakened by noninactivating
mutations close to the substrate binding site in the first
cytoplasmic loop of TatC, which recognizes the RR motif.46,47

The substrate-bound TatABC complex at ∼600 kDa and the
weaker ∼500 kDa substrate-bound TatBC complex band were
clearly detected in these experiments [Figure 6A (▶ and •)].
As seen before, the RR-YcdB signals exactly overlapped with
the Tat complex signals (Figure 6A, overlay). A direct
comparison of the TatC signals indicated that the relative
abundance of 440 or 580 kDa associations was not important
for the formation of the substrate-bound complexes (Figure 6A,
TatC blot). When these observations are taken into

consideration, a possible scenario is that YcdB binding is
responsible for the shift of the 440 kDa TatBC and 580 kDa
TatABC complexes to ∼500 and ∼600 kDa, respectively.

Some TatA Is Usually Associated with TatBC, in a
Manner Independent of Substrate Binding. Although
TatA is required for the formation of the 580 kDa TatABC
complex that is independent of substrate binding (Figure 1C,
TatABC RK), the direct detection of TatA as a component of
this complex by BN-PAGE was not possible because of the
aforementioned abundance of modular TatA complexes in that
size range. We therefore assessed whether some TatA is
associated with TatBC in the absence of substrate by using a
TatABC system with a strep-tagged TatC-E103A variant. The
TatC-E103A mutation abolishes substrate binding and thereby
inactivates the Tat system (Table 1 and Figure 6B.C).10 We
confirmed this for the YcdB interaction: no RR-YcdB was
bound to Tat complexes with an alanine substitution in TatC-
E103, and consequently, neither ∼600 nor ∼500 kDa Tat-
specific complexes were formed (Figure 6B). We then
compared copurification of TatA in strains with the wild type
or E103A TatC variant (Figure 6C). strep-tagged TatC eluted

Figure 6. The ∼600 kDa translocation intermediate is independent of the relative abundance of 580 kDa complexes and depleted by mutations in
the TatC substrate binding site. (A) Substitutions of TatC L189, Y154, and P97 with alanine that caused distinct alterations in the 440 and 580 kDa
Tat complex bands (see the text for details) were used to compare substrate-specific signals with individual Tat complex bands. Pseudocolored BN-
PAGE−immunoblot detection of TatC (blue) and YcdB (brown) in E. coli strain DADE pABS-tatABC/pBAD-ycdB-strep with the indicated point
mutations in TatC or without mutations (wt). The blot was first used to detect YcdB with the YcdB antibody and then stripped and developed with
the TatC antibody to localize the TatBC complexes. The top blot shows an overlay that visualizes the position of the YcdB signal relative to the
TatBC complexes. Below this overlay, the relevant regions of the YcdB and TatC blots are shown. Positions of the 440 kDa TatBC and 580 kDa
TatABC complexes are indicated at the right of the overlay as well as the TatC blot; positions of the RR-YcdB-containing ∼600 kDa TatABC (▶)
and ∼500 kDa TatBC complexes (•) are highlighted on all blots, and positions of marker proteins are given at the right of the YcdB blot (440 and
669 kDa). (B) BN-PAGE analysis as in panel A but with an E103A exchange in TatC. The TatC-E103A mutation completely abolishes substrate
binding-induced shifts in the 440−580 kDa region. The top blot is a TatC blot showing the 440 and 580 kDa complexes that are not altered by RR-
YcdB overproduction due to the binding site mutation. The bottom blot is a YcdB blot showing that TatC-E103A abolished YcdB binding. (C)
Copurification of TatB and TatA with strep-tagged TatC as produced from pEXTac-tatABCstrep or pEXTac-tatABC(E103A)strep in strain DADE,
using Strep-tactin affinity chromatography followed by SDS−PAGE and Western blotting. Arrows point to co-eluting TatA. Legend: F, flow through;
W, last wash fraction; E1−E5, elution fractions.
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in fractions 2 and 3 from the affinity column, as did TatB, the
well-established binding partner of TatC.2 TatA was continu-
ously washed off (Figure 6C, wash fraction), which indicates an
association that is less stable than the TatB−TatC interaction.
However, some TatA clearly co-eluted with TatC in fractions
E2 and E3, and this co-elution was not abolished by the TatC-
E103A mutation that is defective in substrate binding. As the
440 kDa TatBC complex does not require TatA, the detected
TatA in copurifications most likely represents subunits of the
580 kDa TatABC complex. These results demonstrate that
some TatA is associated with TatBC even when no substrate is
bound.

■ DISCUSSION
Possible Roles of TatA in the Formation of Functional

Tat Translocons. We initially suspected that the 580 kDa Tat
complex results from binding of the substrate to the 440 kDa
TatBC-containing complex.26 Here we show that it is the
binding of TatA that causes this shift, whereas substrate binding
triggers the formation of other complexes: an ∼500 kDa
TatBC−Tat substrate complex and an ∼600 kDa TatABC−Tat
substrate complex. The 580 kDa TatABC complex does not
contain substrate and is unaffected by inactivation of the
substrate binding site (Figure 6B). In agreement with this
finding, we could demonstrate substrate-independent associa-
tion of TatA with TatBC by copurification (Figure 6C). Most
TatBC in the living cell may be organized in such TatABC
complexes, although BN-PAGE analyses often predominantly
detect the TatBC complex at 440 kDa, possibly as a result of
detergent-induced dissociation of more weakly bound TatA. In
addition to the TatA subunits that are already associated with
TatBC prior to substrate binding, it is known that a significant
amount of TatA is transiently recruited after substrate binding
to allow translocation.48,49

TatABC Complexes Are Not Static: Dynamics in the
Tat Translocon. Single-point mutations in TatB or TatC
could alter the ratios of 440 kDa TatBC and 580 kDa TatABC
complexes, implying that small changes can already (usually
negatively) influence the affinity for TatA. The TatA−TatBC
interaction thus does not seem to be very robust, and it is
possible that TatABC complexes are often not recognized just
because of solubilization effects. A second similarly important
aspect that arises from the analyses of the mutations is the
apparent variability of the 580 kDa complex, including small
shifts or double bands (Figures 2 and 3). Knowing that TatA
interactions are involved in this complex and knowing that
TatBC interactions are quite rigid, we can best explain this
variability as differences in the assembly of TatA. As TatA is not
associated with the 440 kDa complex, it is not surprising that
the point mutations in TatB and TatC do not have any effect
on the migration of this complex (Figures 2 and 3). We found
that the variability in the 580 kDa band does not correlate with
activity defects (Table 1 and Figure 5). Therefore, most likely
only assembly states of TatA at TatBC after digitonin
solubilization are varying, suggesting that more than one
TatA binding site exists at TatBC modules and mutations affect
individual binding sites without abolishing overall TatA
recruitment or transport function.
Tat Substrates Bind to High-Molecular Mass Tat

Complexes in E. coli Membranes. As mentioned above,
substrate recruitment results in ∼500 and ∼600 kDa Tat
complexes. In our substrate binding analyses, the ∼600 kDa
TatABC complex was the predominant substrate-containing

complex and it is possible that the 580 kDa complex represents
its corresponding substrate-free form, because both complexes
require TatA for assembly (Figures 1 and 6). In BN-PAGE, the
580 and ∼600 kDa TatABC complexes migrate very close and
can be differentiated only by direct side-by-side comparisons.
Their clear distinction was achieved by the use of mutated Tat
systems. (i) The 580 kDa band is not depleted by the TatC-
P97A mutation that renders the substrate binding site detergent
sensitive (Figure 6A) or by the TatC-E103A mutation that
completely abolishes substrate binding (Figures 2 and 6B). (ii)
The TatC-L189A mutation results in the virtual absence of the
580 kDa band without affecting the ∼600 kDa substrate-
containing complex (Figure 6A). (iii) The TatC-Y154A
mutation causes a depletion of the 440 kDa signal and a shift
to the 580 kDa band, although this substitution weakens Tat
substrate binding (Figures 2 and 6A). It is surprising that point
mutations that alter the migration behavior and abundance of
the 580 kDa complex do not influence the appearance of the
∼600 kDa substrate-bound TatABC complex. Especially the
TatC-L189A mutation, which diminishes the 580 kDa TatABC
complex to a great extent, does not affect the substrate-bound
∼600 kDa complex. We conclude that either the two TatA-
containing complexes are independently formed or substrate
binding in the ∼600 kDa complex causes an apparently more
stable structure. Other published studies, especially those of the
plant Tat systems, also suggest that large Tat complexes bind
substrates. The TatBC complexes in pea thylakoids migrate as
single or double bands between 440 and 880 kDa marker
proteins in BN-PAGE analyses, very similar to E. coli
TatBC.11,50−52 Accordingly, substrate was detected in one or
two bands in this size range.50−53 As in our experiments, four
TatBC complexes have been identified in Arabidopsis thaliana
(at 310, 370, 560, and 620 kDa), with substrate binding activity
attributed to the 560 and 620 kDa species.54 Certainly, the
migration behavior of protein complexes in BN-PAGE gradient
gels can differ between organisms, and it might also well be that
the detected Tat complexes represent only a detergent-resistant
core of an even larger association; however, the similarities
strongly suggest that a substrate-containing large TatABC
complex is a general intermediate of Tat transport.
Because of the transient nature of the functional substrate-

bound Tat complex, only the substrate-free 440 and 580 kDa
associations are usually seen in BN-PAGE analyses with
recombinant as well as nonrecombinant systems (Figures 2
and 3).26,55 By using radioactive 55Fe labeling that allows highly
sensitive detection, the ∼600 kDa TatABC complex was the
only substrate-containing complex at nonrecombinant substrate
levels (Figure 1A, lane −). Even though 55Fe likely labels a
multitude of Tat substrates of different sizes, we detected only
this single band. In line with this, the same ∼600 kDa signal
was observed with recombinant RR-YcdB (Figures 1B and 6A)
or with recombinant RR-PhoA.26 We also did not obtain
evidence of additional signals that could be due to more than
one bound substrate. Although we certainly cannot completely
exclude the possibility that the resolution of BN-PAGE was
insufficient to reveal effects of different sizes or numbers of
substrates, these data suggest that the Tat substrates are buried
within Tat complex micelles, thereby hardly influencing the
overall shape or dimensions that are responsible for the BN-
PAGE migration behavior. A single band of the substrate-
containing TatABC complex is suggestive for a recruitment of a
constant number of TatA protomers in the TatABC core. This
idea is in line with TatA assembly studies in the plant Tat
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system, which showed that signal peptides alone can induce a
similar TatA oligomerization as do full-length Tat substrates.49

In addition to the TatA that is part of a core TatABC complex,
further TatA is transiently recruited for the translocation event,
which has been demonstrated by cross-linking analyses.51 The
amount of TatA in thylakoids is adjusted to a specific level for
efficient translocation.56

Modular Assembly of TatBC-Containing Complexes.
The Tat translocon consists of multiple subunits, and the extent
to which oligomerization is required for activity is a central
question in the field. Detergent solubilization of Aquifex aeolicus
TatC resulted in dimers that were not preserved in crystals of
these preparations.15,57 A dimer has been modeled in silico, but
a substrate binding model was based on a single TatC.57 The
question of whether TatC acts as a monomer even though it
assembles as large complexes arises. Our data obtained with
mutations that trigger dissociation of Tat components suggest
that the complexes are assemblies of TatBC modules (Figures 2
and 3, 120 kDa band). Such modules could be based on a TatC
dimer, which is supported by several observations. (i) The
detergent-solubilized TatC that had been used for crystal-
lization was dimeric in solution and capable of substrate
binding.15 (ii) Natural dimers of TatC exist in some archaea.5

(iii) Experiments with functional tandem fusions of TatC also
support dimer formation.4 TatB may help to connect TatBC
modules and has been shown to promote the formation of
larger complexes.17 TatB alone as well as TatC alone can self-
interact to form trimers or hexamers, respectively, and these
interactions may well play a role in the assembly pathway
(Figure 4). The interaction of TatB with TatC is highly
important for the formation of the substrate binding site7 and
influences the signal peptide insertase activity of TatC, which is
likely to be of key importance for the transport mechanism.58

As the functionally important TatB−TatC interaction is also
the basis for the formation of the large TatBC complexes, it is
not surprising that bound substrates could be detected only in
such large complexes and not in disassembly products (Figures
1 and 6). With nonrecombinant substrate levels, substrates
were detected only in the ∼600 kDa TatABC−Tat substrate
complex (Figure 1A). The physiological Tat translocon with
high affinity for Tat substrates is therefore a large TatABC
complex, and the affinity for substrates is most likely markedly
decreased when solubilization results in disassembly. The
disassembly may be one reason for the difference of several
orders of magnitude between substrate affinities of native
TatABC-containing membranes59 and solubilized Tat sys-
tems.15
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(25) Berthelmann, F., and Brüser, T. (2004) Localization of the Tat
translocon components in Escherichia coli. FEBS Lett. 569, 82−88.
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