|BC ARTICLE

L))

Check for
Updates

The early mature part of bacterial twin-arginine translocation
(Tat) precursor proteins contributes to TatBC receptor
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The twin-arginine translocation (Tat) pathway transports
folded proteins across bacterial membranes. Tat precursor pro-
teins possess a conserved twin-arginine (RR) motif in their sig-
nal peptides that is involved in the binding of the proteins to the
membrane-associated TatBC receptor complex. In addition, the
hydrophobic region in the Tat signal peptides also contributes
to TatBC binding, but whether regions beyond the signal-pep-
tide cleavage site are involved in this process is unknown. Here,
we analyzed the contribution of the early mature protein part of
the Escherichia coli trimethylamine N-oxide reductase (TorA)
to productive TatBC receptor binding. We identified substitu-
tions in the 30 amino acids immediately following the TorA sig-
nal peptide (30aa-region) that restored export of a transport-
defective TorA[KQ]-30aa-MalE precursor, in which the RR
residues had been replaced by a lysine— glutamine pair. Some of
these substitutions increased the hydrophobicity of the N-ter-
minal part of the 30aa-region and thereby likely enhanced
hydrophobic substrate—receptor interactions within the hydro-
phobic TatBC substrate-binding cavity. Another class of substi-
tutions increased the positive net charge of the region’s C-ter-
minal part, presumably leading to strengthened electrostatic
interactions between the mature substrate part and the
cytoplasmic TatBC regions. Furthermore, we identified substi-
tutions in the C-terminal domains of TatB following the trans-
membrane segment that restored transport of various transport-
defective TorA—MalE derivatives. Some of these substitutions
most likely affected the orientation or conformation of the flexible,
carboxy-proximal helices of TatB. Therefore, we propose that a
tight accommodation of the folded mature region by TatB contrib-
utes to productive binding of Tat substrates to TatBC.

The twin-arginine translocation (Tat)® system operates in
parallel with the well-studied general secretion (Sec) pathway
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(1) and serves the unique and remarkable role of transporting
fully folded, cofactor-containing or even large oligomeric pro-
teins across the cytoplasmic membrane of bacteria, archaea,
and the thylakoid membrane of plant chloroplasts (2-9).

Tat-specific precursor proteins are targeted to the Tat
machinery by N-terminal signal peptides that have a tripartite
structure with a basic n-region at the N terminus bearing a
characteristic (S/T)RRXFLK consensus motif, a central stretch
consisting of hydrophobic residues (the so-called h-region),
and a polar C-terminal c-region that contains the signal pepti-
dase recognition site (10). The twin-arginine (RR) pair in the
Tat consensus motif, which gave rise to the pathway’s name, is
of crucial importance for productive recognition and binding of
Tat signal peptides by the Tat translocase (11-17).

The Tat system of Escherichia coli is composed of the three
major membrane-integral components TatA, TatB, and TatC
along with the minor component TatE, which is functionally
equivalent to TatA but is expressed at a 50 —200-fold lower level
and is not essential for Tat transport (18, 19). TatC, the most
conserved Tat component, is a polytopic membrane protein
that encompasses six predicted transmembrane helices with
the N and C termini of the protein being exposed to the cyto-
plasmic face of the membrane. TatA, TatB, and TatE each con-
tain a single N-terminal transmembrane domain and a cyto-
plasmically located amphipathic helix that is followed by a less
structured C terminus. TatB and TatC form higher-order 1:1
complexes that interact with twin-arginine signal peptides and
act as the receptor for Tat substrates (13, 20-23). Some studies
provide evidence that Tat precursors are first inserted into the
membrane bilayer via their signal peptides prior to their spe-
cific interaction with the TatBC receptor complex (24-26).
Site-specific cross-linking revealed that the cytosolic N termi-
nus and the first cytosolic loop of TatC are directly involved in
the initial recognition and binding of the conserved Tat con-
sensus motif present in Tat signal peptides (13, 15, 17, 22, 27,
28). Subsequently, the signal peptide insertase activity of TatC
promotes a deep, hairpin loop-like insertion of the signal pep-
tide and most likely also the early mature protein region into a
membrane-embedded, enclosed binding cavity formed by both
subunits of the substrate receptor (29), a process that was com-
monly thought to strictly depend on an intact RR motif (13).
However, recent studies showed also that Tat signal peptides
lacking the highly conserved arginine residues in the Tat con-
sensus motif can be threaded deep into the TatBC-binding cav-
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ity, if compensatory mutations in the signal peptides were pres-
ent, which enhance the substrate—receptor interactions at a
non-twin-arginine position and restore productive recognition
and/or binding of the otherwise export-defective Tat precursor
protein by the TatBC receptor complex (30, 31). In the so-called
stage of advanced binding deep within the TatBC-binding cav-
ity, the signal peptide is primarily located in close proximity to
TatB which, in addition to the Tat consensus motif, also con-
tacts the h-region of the signal peptide as well as the folded
mature domain, suggesting a cage-like structure of the TatB
monomers transiently accommodating the folded Tat substrate
before its translocation (13, 32). Substrate binding to TatBC
subsequently triggers the protonmotive force-dependent
recruitment of TatA oligomers (33), which are proposed to
mediate the passage of the folded protein through the mem-
brane probably either by forming size-fitting translocation
channels (34, 35) or, due to fact that the TatA transmembrane
domain is too short to fully span the lipid bilayer, by destabiliz-
ing/weakening the membrane (36, 37).

In previous studies, we have used suppression genetics to
identify regions within the TatBC receptor complex that inter-
act with Tat signal peptides, and a number of suppressor muta-
tions within TatB and/or TatC have been characterized that
restored export of Tat precursor proteins bearing defective sig-
nal peptides (23, 38). Now, we have attempted to determine
such functionally relevant regions within the Tat precursor
protein that are directly involved in TatBC substrate receptor
binding and significantly contribute to its overall binding affin-
ity to the TatBC-binding site.

Various site-directed mutagenesis studies have shown that
the two adjacent arginine residues within the Tat consensus
motif are indisputably the most important determinants for
productive recognition and binding of Tat signal peptides by
the Tat translocase, because the replacement of one or both
arginines usually severely affects membrane translocation of
the respective precursor protein (11-17). Recently, we have
elucidated the role of the hydrophobic core of Tat signal pep-
tides in productive TatBC receptor binding and isolated
mutations in the h-region of the Tat-specific trimethylamine
N-oxide reductase signal peptide, TorA, which restored Tat-de-
pendent transport of a TorA[KQ]-30aa-MalE Tat precursor
protein, harboring an inactivating KQ mutation of the RR
motif, by enhancing the hydrophobic substrate-receptor in-
teractions within the TatBC-binding cavity at the stage of
advanced binding. These results clearly showed that the h-re-
gion of Tat signal peptides significantly supports binding of Tat
precursor proteins to the TatBC substrate receptor and thus is
a second major binding determinant of Tat precursors to the
TatBC receptor complex besides the RR motif (30).

Now, we have addressed the question of whether the early
mature protein part is also directly involved in TatBC receptor
binding by undertaking a similar genetic screen to isolate intra-
genic mutations within the first 30 amino acids of the early
mature region of TorA that can likewise restore export of the
otherwise transport-defective TorA[KQ]-30aa-MalE precursor
protein. The successful identification of such mutations con-
firms that the protein region immediately following the signal
peptide is not only a passive passenger domain, but also con-
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tributes to the productive recognition and/or binding of the Tat
precursor protein by the Tat translocase. Because the deep
insertion mode of the signal peptide places the cytoplasmically-
exposed early mature region in juxtaposition with the cytosolic
domains of TatB, we further asked whether these regions of the
TatBC receptor complex might represent the corresponding
interaction site for the (early) mature protein region of Tat sub-
strates. In fact, we found mutations distributed over the cyto-
solic domains of TatB that restored export of the TorA[KQ]-
30aa-MalE precursor protein, providing the first genetic
evidence that interactions between the flexible cytosolic helices
of TatB and the mature protein region might further support
productive binding of Tat substrates to the TatBC receptor
complex.

Results

Amino acid substitutions within the early mature protein
region can restore Tat-dependent transport of an
export-defective precursor protein that lacks the crucial twin
arginine residues in its signal peptide

As described earlier, the Tat-specific fusion protein TorA-
MalE allows an easy in situ detection of Tat-dependent protein
translocation on indicative media (23, 38). The plasmid
encoded TorA-MalE reporter protein consists of the signal
peptide of the Tat substrate trimethylamine N-oxide reductase
(TorA) and the first eight amino acid residues of the mature
TorA protein fused to the mature protein part of the normally
Sec-dependent maltose-binding protein (MalE) via a linker
region consisting of the three amino acids Glu, Phe, and Asp.
Because the presence of MalE in the periplasm is strictly
required for maltose uptake (39), the Tat-specific export of
TorA-MalE into the periplasm is directly linked with the ability
of cells to utilize maltose and thus to grow on maltose minimal
medium (MMM) as well as to form red colonies on MacConkey
maltose (MCM) agar plates (23, 38, 40, 41). In this study, we
chose a derivative of the TorA-MalE reporter protein, TorA-
30aa-MalE that, in addition to the TorA signal peptide, also
contains the first 30 amino acid residues of the mature part of
TorA (named 30aa-region) fused to the mature portion of
MalE.

We recently demonstrated that a set of mutations in the h-re-
gion of the TorA signal peptide can suppress the export defect
of a transport-defective TorA[KQ]-30aa-MalE precursor pro-
tein, in which the crucial RR residues had been replaced with a
lysine— glutamine pair, by enhancing the hydrophobic interac-
tions between the TorA[KQ] signal peptide and the TatBC-
binding site deep within the membrane and thus restoring pro-
ductive binding required for successful translocation (30). To
assess the contribution of the early mature protein region of Tat
substrates to TatBC receptor binding, we now performed a sim-
ilar genetic screen for suppressor mutations specifically located
within the 30aa-region of the TorA[KQ]-30aa-MalE precursor.

Using pTorA[KQ]-30aa-MalE as template, the entire 30aa-
region was mutagenized by error-prone (ep)-PCR. The result-
ing ep-PCR fragments were used to replace the corresponding
gene fragment encoding the unaltered 30aa-region in the low-
copy vector pBBRIMCS-2 carrying the torA[KQJ-30aa-MalE
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Figure 1. Generation of a mutant library of TorA[KQ]-30aa-MalE by site-directed mutagenesis for the identification of suppressing mutations in the
30aa-region. The amino acid sequence of TorA[KQ]-30aa-MalE encompassing the entire TorA signal peptide (n-region, h-region, and c-region), the first 30
amino acids of the mature TorA protein (30aa-region), and the first five residues of the mature MalE protein is shown. The Tat consensus motif is underlined
(dashed line); the position of the twin arginines is marked by arrows. The KQ mutation of the RR motif is highlighted in black. A total of 20 residues in the
30aa-region (Ala-40, GIn-41, Ala-42, Ala-43, Thr-44, Asp-45, lle-48, Ser-49, Lys-50, Glu-51, Gly-52, Thr-55, Gly-56, Ser-57, His-58, Gly-60, Arg-63, Thr-65, Lys-67,
and Asp-68; highlighted in black) has been separately subjected to saturation mutagenesis (*) to generate a library of TorA[KQ]-30aa-MalE reporter variants
harboring single amino acid substitutions at the predetermined positions in the 30aa-region.

fusion gene, thereby creating a pool of pTorA[KQ]-30aa-MalE
plasmid variants harboring randomly mutagenized 30aa-re-
gions. Alternatively, 20 different amino acid positions in the
30aa-region were randomly chosen and subjected to saturation
mutagenesis (Fig. 1). Here, a set of degenerate oligonucleotides
was used as primers to individually replace each of the selected
amino acid residues with all 20 naturally occurring amino acids
(encoded by the codon set NNN), thereby generating a library
of TorA[KQ]-30aa-MalE reporter variants harboring single
amino acid substitutions at the pre-determined target positions
in the 30aa-region.

These two constructed mutant plasmid libraries were used
for transformation of GSJ101 (pHSG-TatABCE) expressing
plasmid-borne fat genes. For the selection of intragenic sup-
pressors of the TorA[KQ]J-30aa-MalE export defect, the result-
ing transformants were plated onto MMM agar plates, which
were subsequently incubated for up to 6 days until a formation
of single colonies could be observed. A total of 280 colonies
were randomly chosen, tested for reproducible growth on
MMM, and further analyzed with respect to the DNA sequence
of the mutated torA[KQJ-30aa-MalE fusion genes.

Two different types of mutated TorA[KQ]-30aa-MalE
reporter variants harboring the single amino acid substitution
K50L and K501, respectively, in the 30aa-region could be iso-
lated using the mutant library generated by ep-PCR. A strik-
ingly higher diversity among the isolated suppressor mutant
reporters was obtained utilizing site-saturation mutagenesis for
the creation of a pool of mutated pTorA[KQ]-30aa-MalE plas-
mid variants. Here, DNA sequencing revealed 48 different types
of mutated TorA[KQ]-30aa-MalE precursor proteins carrying
single amino acid alterations in the 30aa-region (also including
the mutations K50I and K50L that had been isolated before
from the epPCR-generated mutant library), each of which
was sufficient to allow significant export of the otherwise trans-
port-incompetent reporter into the periplasm reflected by the
regained ability of the respective strains to grow with maltose as
the sole carbon and energy source. Surprisingly, six more sup-
pressors were isolated, which harbored double mutations pre-
dominantly located at the positions Thr-55, Thr-65, and/or
Asp-68 in the C-terminal half of their 30aa-region. Because
these TorA[KQ]-30aa-MalE reporter variants have been
selected by using the mutant library generated by one-codon
site-directed mutagenesis for transformation of E. coli GSJ101
(pHSG-TatABCE), the respective second mutations must have
occurred spontaneously in these cases.
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First, we tested whether the isolated TorA[KQ]-30aa-MalE
variants (subsequently designated iKQ-X for intragenic KQ
suppressor mutant reporter with X being the respective amino
acid alteration) were still strictly exported via the Tat pathway
by analyzing their in situ phenotypes on indicative media in the
absence of a functional Tat translocase in the AmalEAtatABCE
deletion mutant GSJ101. In all cases, no growth on MMM and
the formation of pale colonies on MCM agar plates was
observed, excluding the possibility that export of the Tor-
A[KQ]-30aa-MalE suppressor mutant reporters had occurred
via the Sec pathway (Table 1 and Table S1).

Second, the mutated TorA[KQ]-30aa-MalE reporter vari-
ants were further analyzed with respect to the suppressing
activities of the corresponding mutations by analyzing the Tat-
dependent export of MalE into the periplasm of E. coli GSJ101
indirectly by MMM and MCM plate assays. As shown in Table
1 and Table S1, GSJ101 strains coexpressing the tat genes and
the various mutated reporter proteins showed diverse in situ
phenotypes in the plate assays because they exhibited different
growth rates with maltose as the sole carbon and energy source.
The suppressing activities of the respective 30aa-region-lo-
cated mutations seemed to be generally quite low because no
formation of red colonies on MCM of the corresponding
strains could be observed in contrast to the positive control
GSJ101 (pHSG-TatABCE) containing an unaltered TorA-
30aa-MalE precursor protein. Nevertheless, in all cases, sig-
nificant growth on MMM was observed in contrast to the
negative control GSJ101 (pHSG-TatABCE) expressing the
export-defective TorA[KQ]-30aa-MalE reporter with an
unaltered 30aa-region, showing that the amino acid altera-
tions present in the 30aa-region allow a weak suppression of
the transport defect.

Depending on the particular relative suppressing activities
of the introduced amino acid substitutions, the isolated
TorA[KQ]-30aa-MalE reporter variants can be roughly divided
into three groups. The first suppressor category consisting of 19
reporters contains single or double amino acid alterations in
the 30aa-region that permit a comparatively effective Tat-de-
pendent transport of the normally export-defective precursor
protein, resulting in significant growth of the respective strains
on MMM within 24 h of incubation (Table 1, class I). Somewhat
weaker suppressor phenotypes were promoted by the second
category of mutant reporter proteins. In these cases, the incu-
bation period had to be extended up to 48 h before any sig-
nificant growth of the strains GSJ101 (pHSG-TatABCE)
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coexpressing the respective TorA[KQ]-30aa-MalE reporter
variants with maltose as the sole carbon and energy source
could be observed (Table 1, class II). The third group of
mutated TorA[KQ]-30aa-MalE precursors harbored amino
acid alterations that exhibited the lowest suppressing activ-
ities allowing for visible growth of the corresponding cells on
MMM after at least 48 h of incubation (Table S1, class III).
Because only very low levels of MalE export were promoted
by the third class of suppressing mutations, this group of
suppressor mutant reporters was not further considered in
the following analyses.

The isolated amino acid substitutions were distributed over
15 different positions in the 30aa-region. Interestingly, muta-
tions that replaced hydrophilic amino acids with hydrophobic
residues were in most cases located in the N-terminal half,
whereas the presence of amino acid substitutions that intro-
duced basic amino acids and thus increased the positive net
charge of the early mature protein part was found to be
restricted to the C-terminal half of the 30aa-region. These
observations indicate that these two types of suppressing muta-
tions might operate in a different manner. From all isolated
suppressing mutations, amino acid substitutions occupying
position Lys-50 in the N-terminal half of the 30aa-region,
which replaced a basic lysine residue with more hydrophobic
amino acids (e.g Leu, Ile, or Val), showed the highest suppress-
ing activities, resulting in the formation of light red colonies on
MCM and the fastest growth on MMM of the corresponding
strains. A similar suppression phenotype was promoted by the
spontaneous double mutation T55R/T65R that introduced two
positively charged arginine residues into the C-terminal half of
the 30aa-region. These findings clearly show that mutations in
the 30aa-region can compensate to a certain degree for the loss
of the crucial RR residues and restore export of the TorA[KQ]-
30aa-MalE reporter either by increasing the hydrophobicity of
the early mature protein part immediately following the signal
peptide or by increasing the positive net charge of the more
distal part of the 30aa-region. The isolation of these two differ-
ent types of suppressing mutations indicates that the early
mature protein region of TorA[KQ]-30aa-MalE could interact
with different parts of the TatBC receptor complex. Consider-
ing the presumed deep hairpin loop-like insertion of the signal
peptide and a certain number of amino acid residues of the early
mature protein region into the TatBC-binding cavity, the newly
introduced hydrophobic residues in the membrane-embedded
portion of the 30aa-region might interact with the hydrophobic
TatBC-binding cavity, whereas the positively charged amino
acids in the cytoplasmically-exposed part of this region could
strengthen the interactions between the precursor and the non-
hydrophobic domains of the TatBC receptor complex located
in the cytosol.

Hence, the present results provide the first evidence for a
direct interaction of the early mature region with the Tat trans-
locase and support the hypothesis that, besides the Tat signal
peptide, this protein region is in fact also directly involved in the
productive binding of the Tat substrate to the TatBC receptor
complex.

SASBMB
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Combinations of amino acid substitutions in the early mature
protein region further increase Tat-dependent export of the
TorA[KQ]-30aa-MalE precursor protein

As shown before, the presence of a single mutation in the
30aa-region was sufficient to allow low but nevertheless signif-
icant export of a TorA[KQ]-30aa-MalE precursor protein
reflected by the ability of the corresponding cells to grow with
maltose as the sole carbon and energy source. Next, we
addressed the question whether combinations of the identified
30aa-region-located mutations would further enhance export
of a TorA[KQ]-30aa-MalE precursor. For the following analy-
sis, we chose the single amino acid substitutions T441, D45L,
K50L, T65R, and D68R, respectively, as well as the double
mutation T55R/T65R, which differed in their position within
the 30aa-region, the particular suppressing activity, and/or
their mode of action (Table 1, chosen substitutions are in-
dicated in bold and underlined; Fig. 2A, lines 3—8). For the
construction of the six double or triple-mutated reporter pro-
teins iKQ-T441/K50L, iKQ-K50L/T65R, iKQ-T441/T65R,
iKQ-D45L/D68R, iKQ-K50L/D68R, and iKQ-K50L/T55R/
T65R, the corresponding single or double mutations were
introduced into the pTorA[KQ]-30aa-MalE vector by site-di-
rected mutagenesis, and the resulting pTorA[KQ]-30aa-MalE
plasmid variants (Fig. 24, lines 9—14) were subsequently trans-
formed into GSJ101 coexpressing the tatABCE genes. The
export of the various TorA[KQ]-30aa-MalE reporter proteins
was analyzed either indirectly by in situ MMM/MCM plate
assays or directly by determining the amount of exported MalE
in the periplasm in cell fractionation experiments (Fig. 2B; Fig.
S1). Here, EDT A-lysozyme spheroplasting was used to yield a
combined cytosolic/membrane (C/M) fraction and a periplas-
mic fraction (P) that were subsequently separated by SDS-
PAGE followed by Western blotting using MalE-specific anti-
bodies. The relative export efficiency (reflected by the amount
of mature-sized MalE present in the periplasm) of the unaltered
TorA-30aa-MalE reporter protein, to which all further relative
translocation efficiencies described in this work will be related,
was set to 100%.

As described above, only low levels of MalE export were pro-
moted by the mutations T44I, D45L, K50L, T65R, D68R, and
T55R/T65R, respectively, allowing for slow growth on MMM
and the formation of pale or, in case of K50L, light red colonies
on MCM of the corresponding strains (Fig. 2B, lanes 3—-8; Fig.
S1, sectors 3—8). Quantification of the chemiluminescence sig-
nals further confirmed that the export efficiencies were gener-
ally low compared with the positive control (100%), with values
between 0.8% observed for the weakest suppressor mutant
reporter iKQ-D45L and 3.2% for iKQ-K50L (Fig. 2B, lanes 3— 8).
A substantial increase in the relative translocation efficiency
could be observed when the mutations T441, D45L, and K50L,
which increased the hydrophobicity of the N-terminal half of
the 30aa-region, were combined with amino acid substitutions
that introduced basic residues into the C-terminal half of this
early mature protein part (i.e. T55R/T65R, T65R, and D68R).
The resulting double or triple-mutated reporter proteins iKQ-
T441/T65R, iKQ-D45L/D68R, iKQ-K50L/T65R, iKQ-K50L/
D68R, and iKQ-K50L/T55R/T65R promoted a clearly stron-
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Figure 2. Mutations in the 30aa-region cooperate with each other in the suppression of the export defect of a TorA[KQ]-30aa-MalE precursor protein.
A, amino acid sequences of TorA-30aa-MalE reporter variants encompassing the Tat consensus motif (dashed line) in the TorA signal peptide (residues 1-39),
the entire 30aa-region (residues 40-69), and the first five amino acid residues of the mature MalE protein (residues 70-439). Positions of the particular
mutations in the 30aa-region are highlighted in red and underlined. The KQ mutation of the RR motif is highlighted in black. B, export of the various TorA[KQ]-
30aa-MalE reporter variants has been analyzed by MMM/MCM plate assays in the presence (Tat+) or absence (Tat—) of the Tat translocase in E. coli GSJ101 and
on the protein level. The phenotypes of the respective strains on MMM (—, no growth; +, slow growth; ++, moderate growth; + + -+, good growth) and MCM
(pale, light red, pink, or red color of colonies) after 24 h of incubation are shown in the boxes at the bottom of the figure. Cells were fractionated into a periplasmic
fraction and a combined cytosol/membrane fraction by EDTA-lysozyme spheroplasting. The samples of the fractions corresponding to an identical amount of
cells were subjected to SDS-PAGE and immunoblotting using anti-MalE antibodies. Subsequently, relative export efficiencies were calculated by determining
the amount of exported MalE protein in the periplasmic fraction of strains GSJ101 coexpressing the tatABCE genes and TorA-30aa-MalE or one of the mutated
TorA[KQI-30aa-MalE reporter variants in at least three different independent experiments via quantification of the chemiluminescence signals. The signals
were recorded by a CCD camera and subsequently analyzed by the program AIDA 4.50 (Raytest). The average values are indicated by horizontal marker lines and
standard deviations by error bars. The relative export efficiency of the positive control GSJ101 (pTorA-30aa-MalE and pHSG-TatABCE) was set to 100% (wt; lane
1). The other samples correspond to GSJ101 coexpressing the tatABCE genes and the export-defective TorA[KQ]-30aa-MalE reporter (KQ; lane 2) or one of the
TorA[KQ]-30aa-MalE reporter variants containing the single, double, or triple mutations in the 30aa-region indicated below lanes 3-14. wt, WT.

ger suppression phenotype in the in situ plate assays reflected [KQJ]-30aa-MalE reporter variants were strictly Tat-specific

by faster growth on MMM and the formation of pink or red
colonies on MCM of the corresponding strains compared
with the suppressing activities conferred by the respective
single or double mutations (Fig. 2B, lanes 10-14; Fig. S1,
sectors 10-14). Importantly, the newly constructed TorA
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because no export was detectable in the in situ plate assays in
the absence of a functional Tat translocase (Fig. 2B, lowest
panel, lanes 10—-14). In full agreement with the in situ pheno-
types, a clear increase of MalE export into the periplasm con-
ferred by the combined mutations was also observed on a pro-
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tein level. As shown in Fig. 2B, the respective single mutations
were found to synergistically contribute to the suppression of
the TorA[KQ]-30aa-MalE export defect because the export
efficiencies observed for the double or triple-mutated reporter
variants iKQ-T441/T65R (4.5%), iKQ-D45L/D68R (3.9%), iKQ-
K50L/T65R (5.8%), iKQ-K50L/D68R (5.7%), and iKQ-K50L/
T55R/T65R (5.9%) were higher than the sum of the transloca-
tion efficiencies determined for the corresponding single or
double-mutated reporters iKQ-T44I (1.8%), iKQ-D45L (0.8%),
iKQ-K50L (3.2%), iKQ-T65R (1.3%), iKQ-D68R (1.6%), and
iKQ-T55R/T65R (2.1%) (Fig. 2B, compare lanes 10—14 with
3-8).

In comparison, a combination of the two mutations T44I and
K50L, both of which exerted their effect by increasing the over-
all hydrophobicity of the N-terminal half of the 30aa-region,
had rather an additive effect on the export of TorA[KQ]-30aa-
MalE. The translocation efficiency of the resulting double-mu-
tated reporter variant iKQ-T441/K50L (4.1%) was even some-
what lower than the value that would result from a summation
of the export efficiencies of the corresponding single mutant
proteins iKQ-T441 (1.8%) and iKQ-K50L (3.2%) (Fig. 2B, com-
pare lane 9 with lanes 3 and 5).

Obviously, the overall effect of combinations of the various
suppressing mutations on TorA[KQ]-30aa-MalE export de-
pends on their nature and their particular localization in
the 30aa-region (i.e. either in the N- or C-terminal half of the
30aa-region). Nevertheless, because in all cases the transport
efficiency of TorA[KQ]-30aa-MalE could be significantly
increased, the identified mutations in the early mature protein
region evidently cooperate with each other in restoring export
of the otherwise transport-defective TorA[KQ]-30aa-MalE
precursor protein. This finding therefore strongly suggests that
the entire early mature protein region contributes to the bind-
ing of the normally export-defective Tat precursor to the mem-
brane-embedded and/or cytosolically-localized parts of the
TatBC receptor complex.

Amino acid substitutions in the hydrophobic (h-) region of the
TorA signal peptide and in the early mature protein act
together in restoring export of the TorA[KQ]-30aa-MalE
precursor protein

Next, we analyzed whether the export of the normally
export-defective TorA[KQ]-30aa-MalE precursor protein can
be further improved by combining the 30aa-region-located
mutations with the previously reported suppressor mutations
located in the h-region of the TorA[KQ] signal peptide (30). To
test this, we combined the amino acid substitutions A16V,
T22A, G25W, G28W, and G25W/G28W, which were distrib-
uted all over the hydrophobic core and exhibited various sup-
pressing activities in the in vivo transport assays, with the
30aa-region-located mutations K50L, H58I, T65R, and D68R,
respectively, giving rise to the reporter variants iKQ-A16V/
H58I, iKQ-T22A/T65R, iKQ-T22A/D68R, iKQ-G28W/H58I,
iKQ-G25W/K50L, iKQ-G28W/K50L, and iKQ-G25W/G28W/
K50L (Fig. 3A, lines 12—18). The export of the newly con-
structed TorA[KQ]-30aa-MalE variants was then analyzed on
indicator plates and directly by cell-fractionation experiments
(Fig. 3B and Fig. S2). As shown in Fig. 3B (lower panel), no
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growth on MMM and, consequently, no formation of colored
colonies on MCM could be observed for E. coli GSJ101
(AtatABCE) expressing the various reporters in the absence of a
functional Tat translocase, confirming that the export of the
newly constructed TorA[KQ]-30aa-MalE reporter proteins
occurred exclusively via the Tat pathway.

As already described by Ulfig et al. (30), the double mutation
G25W/G28W located in the C-terminal part of the h-region of
the TorA[KQ] signal peptide efficiently restored the export of
the otherwise translocation-incompetent TorA[KQ]-30aa-
MalE precursor protein into the periplasm (21.7%), allowing
fast growth on MMM and the formation of red colonies on
MCM of the respective strain (Fig. 3B, lane 7; Fig. S2, sector 7).
No significant difference in the in situ phenotype could be
observed for GSJ101 coexpressing the tatABCE genes and the
triple-mutated reporter iKQ-G25W/G28W/K50L harboring
the additional 30aa-region-located mutation K50L (Fig. 3B,
compare lanes 18 and 7; Fig. S2, compare sectors 18 and 7).
However, compared with iKQ-G25W/G28W, a slight increase
in the translocation efficiency could be detected for iKQ-
G25W/G28W/K50L (24.9%) strongly suggesting that, in this
case, the mutations in the h- and 30aa-region contribute addi-
tively to the suppression of the export defect of the TorA[KQ]-
30aa-MalE precursor protein.

The cooperative action of both types of suppressor muta-
tions in promoting export of the otherwise transport-incompe-
tent reporter becomes even more evident when the 30aa-re-
gion-located mutation K50L was combined with the single
amino acid substitution G25W or G28W in the h-region, both
of which did not possess sufficient suppressing activities to
allow for the formation of red colonies on MCM. As shown in
Fig. 3B and Fig. S2, GSJ101 strains expressing the resulting
double-mutated reporter proteins iKQ-G25W/K50L or iKQ-
G28W/K50L showed faster growth on MMM and the forma-
tion of pink or, in case of iKQ-G25W/K50L, even red colonies
on MCM compared with cells harboring the corresponding sin-
gle-mutated reporter variants iKQ-G25W, iKQ-G28W, or
iKQ-K50L (Fig. 3B, compare lanes 16 and 17 with 5, 6, and 8;
Fig. S2, compare sectors 16 and 17 with 5, 6, and 8). In total
agreement with the in situ phenotypes, a significant increase of
MalE export into the periplasm conferred by the combined
mutations was also observed on a protein level. The transloca-
tion efficiencies of the reporter proteins iKQ-G25W/K50L and
iKQ-G28W/K50L (6.4 and 5.1%, respectively) corresponded
approximately to the sum of the export efficiencies observed for
the respective single mutant reporter variants, directly demon-
strating the additive effects of the individual suppressor muta-
tions on the export of the TorA[KQ]-30aa-MalE precursor pro-
tein (Fig. 3B, compare lanes 16 and 17 with 5, 6, and 8).

To test whether these observed effects of combinations of the
h-region-located mutations with the amino acid alterations in
the 30aa-region depend on their particular position in the
hydrophobic core, the amino acid substitutions A16V and
G28W located in the extreme N and C termini of the h-region,
respectively, were combined with the mutation H58I residing
in the center of the 30aa-region giving rise to the double-mu-
tated reporter variants iKQ-A16V/H58I and iKQ-G28W /H58I
(Fig. 3A, lines 12 and 15). Also in these cases, the export of the
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Figure 3. Mutations in the h-region of the TorA signal peptide and the 30aa-region cooperate with each other in the suppression of the export defect
of a TorA[KQ]-30aa-MalE precursor protein. A, amino acid sequences of TorA-30aa-MalE reporter variants encompassing the Tat consensus motif (dashed
line) and the entire h-region of the TorA signal peptide (residues 1-39), the entire 30aa-region (residues 40-69), and the first five amino acid residues of the
mature MalE protein (residues 70-439). Positions of the particular mutations in the h-region of the TorA signal peptide (or, in case of the mutation A16V, at the
boundary between the n-region with the Tat consensus motif and the h-region) and/or the 30aa-region are highlighted in red and underlined. The KQ mutation
of the RR moitif is highlighted in black. B, export of the various TorA[KQ]-30aa-MalE reporter variants has been analyzed by MMM/MCM plate assays in the
presence (Tat+) or absence (Tat—) of the Tat translocase in E. coli GSJ101 and on the protein level. The phenotypes of the respective strains on MMM (—, no
growth; +, slow growth; ++, moderate growth; + + +, good growth) and MCM (pale, light red, pink, or red color of colonies) after 24 h of incubation are shown
in the boxes at the bottom of the figure. Cells were fractionated into a periplasmic fraction and a combined cytosol/membrane fraction by EDTA-lysozyme
spheroplasting. The samples of the fractions corresponding to an identical amount of cells were subjected to SDS-PAGE and immunoblotting using anti-MalE
antibodies. Subsequently, relative export efficiencies were calculated by determining the amount of exported MalE protein in the periplasmic fraction of strains
GSJ101 coexpressing the tatABCE genes and TorA-30aa-MalE or one of the mutated TorA[KQI-30aa-MalE reporter variants in at least three different indepen-
dentexperiments via quantification of the chemiluminescence signals. The signals were recorded by a CCD camera and subsequently analyzed by the program
AIDA 4.50 (Raytest). The average values are indicated by horizontal marker lines and standard deviations by error bars. The relative export efficiency of the
positive control GSJ101 (pTorA-30aa-MalE, pHSG-TatABCE) was set to 100% (wt; lane 1). The other samples correspond to GSJ101 coexpressing the tatABCE
genes and the export-defective TorA[KQ]-30aa-MalE reporter (KQ; lane 2) or one of the TorA[KQ]-30aa-MalE reporter variants containing the single, double, or
triple mutations in the h-region of the TorA signal peptide and/or the 30aa-region indicated below the lanes 3-18. wt, WT.

single mutant reporters iKQ-A16V and iKQ-G28W could be
significantly increased by the additional mutation in the early
mature region. Both double-mutated reporter proteins pro-
moted a stronger suppression phenotype in the in situ plate
assays reflected by faster growth on MMM and the formation of
pink colonies on MCM of the corresponding strains compared
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with the suppressing activities conferred by the respective sin-
gle mutations A16V, G28W, and H58I (i.e. slow growth on
MMM,; pale colonies on MCM) (Fig. 3B, compare lanes 12 and
15 with 3, 6, and 9; Fig. S2, compare sectors 12 and 15 with 3, 6,
and 9). The translocation efficiencies of the reporter proteins
iKQ-A16V/H58I and iKQ-G28W/H58I (3.8 and 4.1%, respec-
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tively) corresponded approximately to somewhat more than
the sum of the export efficiencies observed for the respective
single mutant reporter variants. These results clearly show that
the isolated suppressing mutations in the h-region of the Tor-
A[KQ)] signal peptide and the 30aa-region, when combined, act
at least additively in restoring export of the otherwise trans-
port-incompetent TorA[KQ]-30aa-MalE precursor protein,
irrespective of their particular position within the hydrophobic
core of the TorA signal peptide and the early mature region,
respectively.

All mutations being combined so far suppressed the export
defect of the TorA[KQ]-30aa-MalE precursor protein by
increasing the overall hydrophobicity of the TorA signal pep-
tide and the N-terminal half of the 30aa-region, respectively.
Next, we analyzed the export of the reporter variants iKQ-
T22A/T65R and iKQ-T22A/D68R, in which the h-region-lo-
cated suppressing mutation T22A was combined with either
T65R or D68R positioned in the C-terminal part of the 30aa-
region (Fig. 34, lines 13 and 14). Unlike the other suppressing
mutations, these two 30aa-region-localized amino acid substi-
tutions restored the export of TorA[KQ]-30aa-MalE by intro-
ducing an additional positively charged arginine residue into
the respective part of the early mature protein region. However,
also in case of these combinations, a cooperative action of the
respective single mutations could be detected in the plate assay
as well as on the protein level. Because of the significantly
higher translocation efficiency of iKQ-T22A/T65R (3.1%)
and iKQ-T22A/D68R (4.4%), E. coli strain GSJ101 (pHSG-
TatABCE) expressing these double-mutated reporter proteins
exhibited faster growth rates with maltose as the sole carbon
and energy source and formed light red or pink colonies on
MCM compared with the strains that harbored the corre-
sponding single mutant reporters iKQ-T22A (1.0%), iKQ-T65R
(1.3%), and iKQ-D68R (1.6%) (i.e. slow growth on MMM,; pale
colonies on MCM) (Fig. 3B, compare lanes 13 and 14 with 4, 10,
and 1I; Fig. S2, compare sectors 13 and 14 with 4, 10, and 11).

Taken together, these combined results clearly demonstrate
that suppressing mutations in the h-region of the signal peptide
and the early mature protein part cooperate with each other in
the suppression of the export defect of TorA[KQ]-30aa-MalE
and support the hypothesis that the newly identified mutations
in the 30aa-region, similarly to the h-region-located amino acid
alterations, increase the overall binding affinity of the Tat sub-
strate to the TatBC receptor complex, providing further evi-
dence for a direct involvement of the early mature protein
region in the binding process to the Tat translocase.

Combinations of amino acid substitutions in the early mature
protein region and in the TatBC receptor complex strongly
increase export of the TorA[KQ]-30aa-MalE precursor protein

Finally, we asked whether the transport of a TorA[KQ]-30aa-
MalE precursor protein can also be further improved by com-
bining the various 30aa-region-located amino acid substitu-
tions with the previously identified suppressor mutation LOF
residing in the cytoplasmically localized N terminus of the TatC
component of the TatBC receptor complex (23, 38). To test
this, we analyzed the export of eight TorA[KQ]-30aa-MalE
reporter variants harboring single (i.e. T441, D45L, K50L, T65R,
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or D68R) or double mutations (i.e. T441/K50L, T441/T65R, or
D45L/D68R) in their early mature protein regions by the
mutated TatABC[LIF]E translocase on indicator plates and
directly by cell-fractionation experiments (Fig. 4 and Fig. S3).
As described previously (23, 30), the mutation L9F in TatC
was sufficient to partially restore export of the otherwise
translocation-defective TorA[KQ]-30aa-MalE precursor
protein into the periplasm (8.8%), allowing moderate growth
on MMM and the formation of pink colonies on MCM of the
respective strain (Fig. 4, lane 4; Fig. S3, sector 4). The pres-
ence of the additional mutations in the 30aa-region, how-
ever, resulted in a substantial increase in the translocation
efficiency of the TorA[KQ]-30aa-MalE precursor protein by
the mutant TatABC[LOF]E translocase. Although compara-
tively low translocation efficiencies of the TorA[KQ]-30aa-
MalE reporter variants harboring the various 30aa-region-
located suppressing mutations were promoted by the WT
Tat-translocase resulting in moderate growth on MMM and
the formation of pink colonies on MCM at best, all strains car-
rying the mutated tatABC[L9FJE genes instead of the WT tat
genes exhibited a uniform phenotype on the indicator plates
characterized by efficient growth on MMM and red-colored
colonies on MCM (Fig. 4, A—D, compare even-numbered with
odd-numbered lanes 5-20; Fig. S3, compare even-numbered
with odd-numbered sectors 5-20). Quantification of the
exported MalE amounts in the periplasm of these strains fur-
ther showed that the respective 30aa-region-located mutations
and the amino acid substitution L9F in TatC act even synergis-
tically in the suppression of the export defect of TorA[KQ]-
30aa-MalE (Fig. 4E). As shown in Fig. 4, A-D, various MalE-
derived polypeptides corresponding to the unprocessed
precursor and its cytosolic degradation products can be
detected in the C/M fractions of GSJ101 expressing either the
unaltered TorA-30aa-MalE reporter (positive control; lanes 1
and 2), the export-defective TorA[KQ]-30aa-MalE (negative
control; lanes 3 and 4), or the various TorA[KQ]-30aa-MalE
reporter variants harboring 30aa-region-located suppressor
mutations (lanes 5-20) in the presence of the WT or mutated
TatABC[LOF]E translocase. Except for the unaltered TorA-
30aa-MalE protein, which was efficiently exported by both
translocases, visible amounts of mature-sized MalE were only
observed in the P fractions of GSJ101 possessing the mutant
TatABC[LOF]E translocase, confirming that the exported
amounts of the various 30aa-region-coupled suppressor
mutant reporters by the WT Tat translocase are indeed very
low and not visible to the naked eye in the Western blot analysis
of the respective periplasmic fractions. Strikingly, in the case of
two TorA[KQ]-30aa-MalE reporter variants that harbored the
amino acid substitution K50L in their 30aa-region (i.e. iKQ-
K50L and iKQ-T441/K50L), two protein bands of similar signal
intensity could be identified in the P fraction of the respective
strains corresponding to the MalE protein lacking its Tor-
A[KQ)] signal peptide and a second, smaller-sized processing
product (Fig. 4D, lanes 10 and 20). Possibly, the mutation K50L
introduces a recognition and cleavage site for a periplasmic
protease that causes an N-terminal truncation of some mature
MalE proteins. In these cases, both chemiluminescence signals
were quantified and summarized to obtain the actual export
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efficiency of these TorA[KQ]-30aa-MalE reporter variants by
the mutant TatABC[L9F]E translocase.

Quantification of the chemiluminescence signals in the P
fractions of all analyzed strains further confirmed that the
translocation efficiencies of the various TorA[KQ]-30aa-MalE
reporter variants with single or double mutations in the 30aa-
region promoted by the WT Tat translocase were much lower
compared with the ones observed for the TatABC[LOF]E trans-
locase, with values between 0.8% determined for the weakest
suppressor mutant reporter iKQ-D45L and 4.5% for the dou-
ble-mutated protein iKQ-T441/T65R (Fig. 4E, odd lanes 5-19).
As shown in Fig. 4E, even lanes 620, except for D68R, the
respective amino acid substitutions in the 30aa-region and the
TatC mutation L9F were found to synergistically contribute to
the suppression of the TorA[KQ]-30aa-MalE export defect
because the export efficiencies of the 30aa-region-coupled
suppressor mutant reporters by the mutant TatABC[L9F]E
translocase, with values between 14.9% (iKQ-T65R) and 45.0%
(iKQ-T441/K50L), were strikingly higher than the sum of the
translocation efficiencies conferred by the TatC mutation LOF
(8.8%) and the respective 30aa-region-located mutations
(0.8%—4.5%). In case of iKQ-D68R, however, the additional
mutation in the TatBC receptor complex had a rather additive
effect resulting in a comparatively small increase of the export
from 1.6 to 10.2% (Fig. 4E, lanes 13 and 14). In comparison, the
strongest increase in translocation efficiency (from 4.1 to
45.0%) could be observed for the reporter variant iKQ-T441/
K50L characterized by the highest overall hydrophobicity of the
N-terminal part of the 30aa-region (Fig. 4E, lanes 19 and 20).

Evidently, combinations of the amino acid substitution L9F
in TatC with the suppressing mutations in the early mature
protein region, which introduce hydrophobic residues into the
N-terminal half of the 30aa-region and thus likely exert their
effect by enhancing the hydrophobic substrate—receptor inter-
actions within the TatBC-binding cavity, have a stronger posi-
tive effect on the transport efficiency of the normally export-
defective TorA[KQ]-30aa-MalE reporter than combinations of
L9F with mutations located in the C-terminal part of the 30aa-
region, which likely act rather differently, probably by improv-
ing the interaction of the Tat substrate with a polar, cytoplas-
mically-localized domain of the substrate receptor (i.e. T65R
and D68R).

Role of early mature part of bacterial Tat substrates

Amino acid substitutions in the cytosolic domains of TatB
restore export of various transport-defective Tat precursor
proteins

As mentioned above, some of the isolated suppressing muta-
tions increased the positive net charge of the C-terminal part
of the 30aa-region of the respective TorA[KQ]-30aa-MalE
mutant reporters by replacing neutral or negatively charged
amino acids with one or two basic arginine residues (i.e. T65R,
D68R, and T55R/T65R). Although the N-terminal half of the
30aa-region is likely embedded within the TatBC-binding
pocket due to the deep hairpin loop-like insertion of the TorA
signal peptide and some amino acid residues of the early mature
protein part at the stage of advanced binding, the more distal
C-terminal part of this early mature protein region might be
located outside this cavity in the cytoplasm. Because in vitro
cross-linking studies revealed that the folded mature protein
domain of Tat substrates is encapsulated by the cytoplasmical-
ly-localized domains of TatB monomers prior to translocation
(32), we speculated that the additional positively charged
residues in the 30aa-region of TorA[KQ]-30aa-MalE might
enhance the electrostatic interactions between oppositely
charged amino acid side chains residing at the interface
between the surrounded (early) mature part of the Tat sub-
strate and the circumjacent cytoplasmic regions of TatB.

The predicted structure of E. coli TatB shows an elongated
“L-shape” conformation consisting of four well-defined a-heli-
ces as follows: a TMH (residues Ser-7-Leu-19) al; an APH
(residues Val-27-GlIn-47) a2; and two highly hydrophilic and
flexible helices @3 (Leu-56-Leu-71) and a4 (Glu-77-Tyr-96)
(42). To investigate whether the C-terminal domains of TatB
following the transmembrane segment contribute to produc-
tive substrate binding, we performed a genetic screen for sup-
pressing mutations located in these regions that were able to
restore transport of the TorA[KQ]-30aa-MalE precursor pro-
tein. For this purpose, the respective tatB gene fragment within
the tatABCE operon on plasmid pHSG-TatABCE was ran-
domly mutagenized by ep-PCR. The resulting pool of pHSG-
TatABCE plasmid variants was then used for transformation of
GSJ101 (pTorA[KQ]-30aa-MalE) expressing the transport-de-
fective TorA[KQ]-30aa-MalE reporter variant. For the selec-
tion of TatB-coupled suppressors of the TorA[KQ]-30aa-MalE
export defect, the transformants were plated onto MMM agar
plates that were subsequently incubated for 4 days. Twenty five

Figure 4. Combinations of mutations in the 30aa-region and the mutation L9F in TatC synergistically suppress the export-defect of a TorA[KQ]-30aa-
MalE precursor protein. A-D, subcellular localization of TorA-30aa-MalE-derived polypeptides. Cells were fractionated into a periplasmic (P) fraction and a
combined cytosol/membrane (C/M) fraction by EDTA-lysozyme spheroplasting. The samples of the fractions corresponding to an identical amount of cells
were subjected to SDS-PAGE and immunoblotting using anti-MalE antibodies. The positive controls were E. coli GSJ101 containing plasmids pTorA-30aa-MalE
and pHSG-TatABCE (lane 1) or pHSG-TatABC[LOFIE (/ane 2). The other samples correspond to GSJ101 coexpressing the WT tatABCE or mutated tatABC[L9F]E
genes and the export-defective TorA[KQ]-30aa-MalE reporter (lanes 3 and 4, respectively) or one of the TorA[KQ]-30aa-MalE reporter variants containing the
single mutations or the double mutations in the 30aa-region as indicated above the lanes (lanes 5-20). wt, WT; p, WT or mutated TorA-30aa-MalE precursor in
the C/M fraction; m, mature form of MalE in the P fraction; asterisk, WT or mutated TorA-30aa-MalE-derived degradation products in the C/M fraction. Positions
of molecular weight markers are indicated on the left margin. The phenotypes of the respective strains on MMM (—, no growth; +, slow growth; + +, moderate
growth; +++, good growth) and MCM (pale, light red (light r.), pink, red) agar plates after 24 h of incubation are shown in the boxes at the bottom of the figure.
E, relative export efficiencies of the analyzed TorA-30aa-MalE reporter variants in strains expressing the WT or mutant TatABC[L9F]E translocase. The amount
of exported MalE protein in the P fraction of strains GSJ101 coexpressing the WT tatABCE or mutated tatABC[L9F]E genes and TorA-30aa-MalE, TorA[KQ]-30aa-
MalE, or one of the mutated TorA[KQ]-30aa-MalE reporter variants was determined in at least three differentindependent experiments via quantification of the
chemiluminescence signals. The signals were recorded by a CCD camera and subsequently analyzed by the program AIDA 4.50 (Raytest). The average values
are indicated by horizontal marker lines; standard deviations by error bars. The relative export efficiency of the positive control GSJ101 (pTorA-30aa-MalE,
pHSG-TatABCE) was set to 100%. The lane numbers in E correspond to the lane numbers in A-D.
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Table 2

Export of various TorA-MalE derivatives by the isolated Tat translocases harboring suppressing mutations in the cytosolic domains of TatB

The export of the various TorA-MalE derivatives by the unaltered Tat translocase and the mutated TatAB[X]CE (with X being the respective amino acid alteration in TatB)
translocases was analyzed by a MMM plate assay in E. coli GSJ101. Phenotypes of the respective strains on MMM after 24 and 48 h of incubation: —, no growth; +, slow

growth; ++, moderate growth; +++, good growth.

Phenotype of E. coli GSJ101 on MMM co-expressing TatAB[X]CE and the reporter variant:

TorA[KQ]-

Suppressin TorA- TorA[KQ]- TorA[KQ]- TorA[QQ]- 30aa(NapA)- iKQ-

nflll)ta tion g 30aa-MalE 30aa-MalE MalE MalE MalE iKQ-K50L T55R, T65R iKQ-D68R
X in TatB 24 h 48h 24h 48h 24h 48 h 24 h 48 h 24 h 48 h 24 h 48 h 24h 48h 24 h 48 h
None +++ +++ - - - - - - - - +(+) A+ () + ++ (+)
P26L +++ +++ -+ - 4+ - - + ++ ++ +++ A+ (+) A+ A (F)
K301 tH+ A+ (B () -+ - - () ++ () e+ ()t
136N +++ +t++ (H) ) (H) () - - + +++  ++ +++ 4 +++ A+t +++
R37H +++ +++ =+ (H) -+ (+) - - + +++  ++ +++ A (+) F+H+ A (F)
A38E T+ At = () - (D) - - + 4+ ++ FH+ () T () A+
T51A +++ +++ -+ (+H) -+ - - + ++ +(+) A+ () () A+
T511 +++ +++ - ++ - 4+ - - + +++  +(+) A+t (R A+ () A+
T75M +H+ - 4+ - 4+ - - + ++ ++ +H+ o+t e+ 4+
P76L +++ +++ - ++ - 4+ - - + +++  ++ +++ 4 +++ o+t +++
A89V +++ +++ -+ -+ - - (+) ++ ++ +++ 4+ +++ A+ (+) +++

A B C D E F G H

clones that appeared on the selection plates were randomly
chosen, tested for reproducible growth on MMM, and further
analyzed with respect to the DNA sequence of the mutated tatB
gene.

The identified amino acid substitutions in TatB appeared to
cluster within the APH, including I36N that occurred in two
clones and R37H that appeared in five clones, whereas P26L,
K301, and A38E were each found once (Table 2; Fig. 5, green
dots). It should be mentioned that the amino acid substitutions
K30I and I36N have been already identified as suppressors of
inactivating mutations in the AmiA or Sufl signal peptide in an
independent recent study by Huang et al. (43). We also identi-
fied mutations that were located in the more distal C-terminal
domains of TatB encompassing helices a3 and a4 and the
respective intermediate regions. Substitutions T51A and T511,
isolated two and four times, respectively, resided in the linker
region between the APH and helix a3, whereas the adjacent
mutations T75M and P76L, each found four times, were located
within the intermediate sequence connecting helices @3 and
a4. The last identified substitution A89V appeared only in one
of the isolated clones and mapped to the carboxy-proximal
helix o4.

First, the amounts of the proteins TatA, TatB, and TatC in
the membrane fraction of the corresponding E. coli strains were
analyzed by Western blotting using specific antibodies (Fig. S4).
In all cases, the amounts of the Tat proteins present in the
membrane fractions of the cells expressing the mutant Tat
translocases were equal or slightly lower compared with the
amounts of the respective Tat proteins in the membrane frac-
tion of the cells expressing a WT Tat translocase. This finding
excludes that the observed suppression of the export defect of
TorA[KQ]-30aa-MalE by the various mutations in TatB is due
to an increased expression level of the Tat proteins in the
strains possessing the mutant Tat translocases and indicates
that suppression is indeed caused by the corresponding amino
acid substitutions in TatB.

Second, we tested the ability of the identified TatB-located
suppressing mutations to also support export of other trans-
port-defective derivatives of the TorA-30aa-MalE reporter
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K301, I36N, R37H, A38E
; T51A, T511

- MalE mature region T75M, P76L
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@ Mutation in N-terminal half of 30aa-region

® Mutation in C-terminal half of 30aa-region

“trapping‘

@ Mutation in TatB
——> hydrophobic interaction

——> electrostatic interaction

Figure 5. Model of possible TatBC-precursor interactions. The framed
light gray bar represents the lipid bilayer. For clarity, only one TatB monomer
(checkered cylinder) and two adjacent TatC monomers (diagonally hatched
cylinders) of the multimeric TatBC receptor complex are shown. Each TatC
monomer is depicted by six transmembrane helices. The TatB monomer con-
sists of a membrane-embedded transmembrane helix (TMH), a cytosolic
amphipathic helix (APH), and flexible C-terminal domains (helices a3 and «4)
encapsulating the folded Tat substrate. The membrane-embedded TorA sig-
nal peptide with the h-region forming an a-helix (black cylinder) and the fol-
lowing 30aa-region of the TorA-30aa-MalE precursor protein is represented
by a black line; the folded MalE mature region is represented by a black ellipse.
The positions of selected suppressor mutations in the membrane-embedded
N-terminal half of the 30aa-region are indicated by red dots, substitutions
in the cytoplasmically-located C-terminal half of the 30aa-region by blue
dots, and the TatB-located suppressing mutations of the TorA[KQ]-30aa-
MalE export defect by green dots. The indicated positions of the newly
introduced hydrophobic (red arrows) or electrostatic (blue arrows)
precursor-TatBCinteractions by the 30aa-region-located mutations are spec-
ulative. The effects of the more C-terminal TatB mutations (T51A, T511, T75M,
P76L, and A89V) on the orientation/conformation of the flexible cytosolic
domains are likewise hypothetical. A possible scenario could be that, upon
insertion of the signal peptide and the partially unfolded N-terminal part of
the early mature protein into the hydrophobic TatBC-binding cavity, these
substitutions alter the conformation or orientation of the C-terminal domains
of TatB such that they allow them to wrap more tightly around the folded part
of the non-native substrate MalE, thereby promoting a stronger fixation
(“trapping”) of the otherwise too weakly bound Tat precursor to the Tat
translocase.
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protein (Table 2; Fig. S5, A-D). To determine whether the
observed suppression was, at least in some cases, specific for the
early mature protein region of TorA, we generated another con-
struct where a different 30aa-region comprising the first 30
amino acids of the mature part of the nitrate reductase NapA,
which is also an authentic Tat substrate in E. coli, was fused in
between the TorA signal peptide and the mature region of MalE
(TorA[KQ]J-30aa(NapA)-MalE) (Fig. S5, B and E). Further-
more, we additionally chose the reporter variants TorA[KQ]-
MalE and TorA[QQ]-MalE in which the respective mutated
signal peptide and the first eight amino acids of mature TorA
were fused to the mature part of MalE via a linker region con-
sisting of the three amino acids Glu, Phe, and Asp (Fig. S5, C, D,
and F). Compared with TorA[KQ]-MalE, TorA[QQ]-MalE
harbors a far less conservative QQ substitution of the crucial
twin arginine residues in the TorA signal peptide, likewise
resulting in a complete defect in transport by the WT Tat trans-
locase. Finally, to test whether the TatB substitutions can coop-
erate with the previously identified mutations in the 30aa-re-
gion in the suppression of the TorA[KQ]-30aa-MalE export
defect, we also analyzed the export of the 30aa-region-coupled
suppressor mutant reporters iKQ-K50L, iKQ-T55R/T65R, and
iKQ-D68R by the various mutant Tat translocases.

As shown in Table 2, the export of the unaltered TorA-30aa-
MalE precursor protein was not significantly affected by the
various mutations in the TatB component of the Tat translo-
case (column A). As noted above, each of the selected mutant
Tat translocases allowed for the transport of the normally
export-defective TorA[KQ]-30aa-MalE precursor, albeit with
various efficiencies, as judged by the regained ability of the
respective strains to significantly grow with maltose as the sole
carbon and energy source after up to 48 h of incubation (Table
2, column B). These in situ suppressor phenotypes were gener-
ally stronger or comparable with those observed with GSJ101
coexpressing the various Tat translocases together with the
reporter variant TorA[KQJ]-MalE, demonstrating that, in many
cases, the presence of a shorter part (i.e. only the first 8 amino
acid residues) of the early mature region of TorA clearly
decreased the export efficiency by the mutant Tat translocases
(Table 2, compare columns B and C). Because the first 8 amino
acids of the mature TorA protein part are most likely seques-
tered within the intramembrane TatBC-binding groove and all
isolated substitutions in the cytosolic TatB domains still signif-
icantly rescued growth on MMM also in the absence of the
cytoplasmically-located portion of the early mature TorA
region (i.e. C-terminal half of the full-length 30aa-region) in the
TorA[KQ]-MalE precursor, these suppressing mutations obvi-
ously do not act by specifically introducing new or enhancing
already existing binding contacts between the early mature
region of TorA and the respective cytosolic domain of TatB.
Strikingly, all TatB substitutions promoted even more efficient
export of TorA[KQ]-30aa(NapA)-MalE, harboring a com-
pletely different 30aa-region compared with the TorA[KQ]-
30aa-MalE precursor protein (against which they were origi-
nally isolated), as reflected by generally faster growth rates on
MMM of the respective strains (Table 2, compare columns B
and E). The latter finding therefore further supports the
assumption that the observed suppression by the TatB muta-
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tions is in fact not specific for the early mature protein region of
TorA and indicates that, compared with the early mature
region of TorA, the first 30 amino acid residues of the mature
NapA protein might generally promote higher-affinity binding
of the Tat substrate to the TatBC receptor complex, being
responsible for the significantly increased export efficiency by
the various Tat translocases. Finally, none of the isolated TatB-
located suppressing mutations was able to suppress the QQ
substitution in the TorA signal peptide variant of the
TorA[QQ]-MalE precursor protein, suggesting that the respec-
tive suppressing activities were not sufficient to compensate for
this nonconservative exchange of the crucial arginine residues
in the Tat motif of the TorA signal peptide (Table 2, column D).

Interestingly, in nearly all cases, the identified TatB suppres-
sor mutations further improved export of the TorA[KQ]-30aa-
MalE reporter variants harboring the amino acid substitutions
K50L, T55R/T65R, or D68R, respectively, in their 30aa-region
(Table 2, columns F-H). Accordingly, the respective strains
GSJ101 coexpressing these reporter variants and the various
mutant Tat translocases exhibited significantly faster growth
rates on MMM already after 24 h of incubation compared with
GSJ101 (pHSG-TatABCE), which possessed a WT Tat translo-
case. Because none of the TatB-located suppressing mutations
was, by itself, sufficient to rescue detectable growth on MMM
within the first 24 h (Table 2, column B), we conclude that
the mutations in the 30aa-region and TatB tightly cooperate
with each other in restoring export of the TorA[KQ]-30aa-
MalE precursor protein. Although we do not have direct exper-
imental evidence for that, we consider it likely that all these
mutations facilitate productive binding of this nonnative sub-
strate to the TatBC receptor complex either directly by
strengthening the substrate—receptor interactions or, in case of
TatB substitutions, possibly also indirectly by somehow alter-
ing the conformation of the TatBC substrate receptor now
being capable of exporting the otherwise too weakly bound pre-
cursor into the periplasm.

Although no specific binding contacts between the early
mature region of Tat substrates and the cytosolically-localized
domains of TatB could be identified so far, we found that even
suppressing mutations located in the highly flexible carboxy-
proximal regions of TatB encompassing helices &3 and a4 and
the respective intermediate regions can significantly restore
export of an otherwise transport-defective Tat precursor. A
possible scenario could be that these mutations act by promot-
ing an optimized adaptation of the flexible hydrophilic C-
terminal helices to the folded nonnative Tat substrate MalE,
providing a first indication that interactions between these
cytosolic domains of TatB and the mature region of a Tat pre-
cursor generally contribute to productive substrate binding.

Discussion

In this study, we addressed the role of the early mature part of
Tat substrates in E. coli TatBC receptor binding by using an in
vivo genetic approach. To examine whether the protein region
immediately following the signal peptide contributes to the
productive interaction of a Tat precursor with the substrate
receptor, we aimed to identify mutations within the first 30
residues of the mature TorA protein (so-called 30aa-region)
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which restore export of a TorA[KQ]-30aa-MalE Tat precursor,
in which the crucial RR residues have been substituted by a
lysine— glutamine pair. Recently, we identified such mutations
in the hydrophobic region of the TorA signal peptide that sig-
nificantly and, when combined, even synergistically suppressed
the export defect of the TorA[KQ]-30aa-MalE precursor pro-
tein by increasing the overall hydrophobicity of this central
hydrophobic stretch. Assuming that the binding affinity of the
TorA[KQ]-30aa-MalE precursor was too low to establish a pro-
ductive interaction with the TatBC receptor complex resulting
in effective transport, we showed that upon insertion into the
TatBC-binding cavity, the newly introduced hydrophobic resi-
dues in the h-region restored productive binding of the other-
wise transport-incompetent Tat precursor by enhancing the
hydrophobic interactions between the signal peptide and resi-
dues encompassing the hydrophobic signal peptide-binding
site on the TatBC substrate receptor (30).

In this work, we identified 54 different single or double
amino acid substitutions in the 30aa-region, each of which was
able to significantly restore Tat-dependent export of a Tor-
A[KQ]-30aa-MalE precursor protein, providing the first indi-
rect evidence for interaction of the early mature protein region
with the Tat translocase. However, the observed export effi-
ciencies were considerably lower than those conferred by the
previously identified mutations in the h-region of the TorA
signal peptide (30), suggesting that binding of the early mature
protein region to the TatBC substrate receptor occurs with a
significantly lower affinity. In line with these results, Alami ez al.
(13) reported contacts between TatB and an amino acid posi-
tion more than 20 residues beyond the signal peptide cleavage
site. Whereas interaction of the signal peptide with TatB was
independent of the amount of TatB, the formation of cross-
links of TatB with the mature part of a Tat substrate required a
high TatB expression level to become detectable (13).

Interestingly, a common trend in the distribution of the
30aa-region-located substitutions could be observed. Muta-
tions that replaced hydrophilic amino acids with hydrophobic
residues were predominantly located in the N-terminal half
of the 30aa-region immediately following the signal peptide,
whereas substitutions that introduced positively charged
amino acids preferentially occurred within the distal C-termi-
nal part of this early mature region. It is therefore tempting to
speculate that both types of suppressing mutations act in a dif-
ferent manner.

Numerous biochemical studies revealed that, once the Tat
signal peptide has been recognized by the TatBC receptor com-
plex, it remains N-terminally anchored to the surface of the Tat
translocase and is threaded deep into the TatBC-binding cavity
resulting in the formation of a hairpin loop topology consisting
of the signal peptide and, depending on the depth of insertion
that might actually differ for different precursor proteins, a cer-
tain number of amino acid residues beyond the signal peptide
cleavage sites that are derived from the early mature protein
region (16, 29). Furthermore, the first 10 amino acids of the
mature TorA protein, which are thus likely sequestered within
the TatBC-binding groove, were exclusively found in close
vicinity of TatB (17), suggesting a juxtaposition of the early
mature region with the transmembrane domain of TatB. One
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might therefore speculate that at least some part of the early
mature region provides a potential interaction site for residues
encompassing the membrane-embedded hydrophobic TatBC
substrate-binding site. Such a precursor topology as shown in
Fig. 5 prompted us to hypothesize that, similar to the previously
reported mutations in the h-region of the TorA signal peptide
(30), the newly introduced hydrophobic residues in the N-
terminal part of the early mature TorA region might enhance
the hydrophobic substrate—receptor interactions within the
intramembrane TatBC-binding groove and thus, if correct,
then sufficiently increase the overall binding affinity required
for productive binding of the otherwise export-defective Tor-
A[KQ]-30aa-MalE precursor protein (Fig. 5, red arrows). In
support of this hypothetical working model for the mode of
action of these amino acid substitutions, we showed that a com-
bination of the two single suppressing mutations T44I and
K50L, leading to a further increase of the overall hydrophobic-
ity of this protein region (as reflected by a substantially higher
GRAVY index, see Table S2), clearly improves export of the
TorA[KQ]-30aa-MalE reporter and, in addition, that the amino
acid substitutions in the early mature region tightly cooperate
both with the previously identified suppressing amino acid sub-
stitutions in the h-region (30) and with the extragenic suppres-
sor mutation L9F located in the cytosolically exposed N termi-
nus of TatC (23, 38).

A different mode of action might be speculated for the amino
acid substitutions located in the more distal part of the 30aa-
region that seem to exert their suppressing activities by increas-
ing the regions’ positive net charge (Table S2, rows 6-8).
Because only few residues of the mature region are thought to
be sequestered within the TatBC-binding cavity upon signal
peptide insertion, the vast majority of binding of the Tat sub-
strate to the TatBC receptor likely occurs outside this groove
in the cytoplasm (Fig. 5). Along this line, Maurer et al. (32)
reported multiple contact sites both on the predicted trans-
membrane and amphipathic helices of TatB and on the major
part of a Tat precursors’ surface, suggesting a cage-like struc-
ture of the cytosolic TatB domains transiently accommodating
the folded Tat substrate prior to its translocation. Although
these cross-linking studies indicated an association of TatB
with the mature part of the Tat precursor protein, they did not
assess whether these interactions actually contribute to pro-
ductive substrate binding by the TatBC receptor complex. Our
present work might thus provide a first although indirect indi-
cation that electrostatic interactions between the early mature
region and the hydrophilic cytoplasmic domains of TatB indeed
support precursors binding to the Tat translocase (Fig. 5, blue
arrows).

For the Sec pathway, Chatzi et al. (44) recently showed that
the mature domains of unfolded translocation-competent Sec
substrates harbor essential hydrophobic targeting signals that
interact with SecA prior to secretion. First experimental evi-
dence that such targeting signals might also exist in Tat precur-
sors is provided by a study by Huang et al. (43) who identified
mutations in TatB that allowed Tat-dependent export of a sig-
nal peptide-less substrate. Because proper membrane targeting
was not impaired by the lack of the Tat signal peptide, at least
some targeting information must be located in the mature
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region of the Tat substrate. Because of the fully folded confor-
mation of targeting-competent Tat precursors, such Tat target-
ing signals beyond the signal peptide might rather consist of
surface-exposed hydrophilic residues than of hydrophobic
amino acids being predominantly hidden in the core of the
folded substrate. The observed suppression of the TorA[KQ]-
30aa-MalE export defect by the second type of 30aa-region-
located mutations could therefore also be explained by the
speculative but plausible scenario where the newly introduced
positively charged residues in the mature TorA domain further
optimize such a hydrophilic targeting sequence being directly
involved in productive recognition and binding of the Tat sub-
strate by the Tat translocase. Consistent with the finding that
folded Tat substrates are entirely encapsulated by TatB mono-
mers prior to their translocation (32), the respective receptor-
binding site could be realized by hydrophilic stretches residing
in the cytosolic domains of TatB, provided that these regions
actually contribute to the recognition/binding of Tat substrates
by the TatBC receptor complex. To address this issue, we per-
formed a genetic screen for mutations specifically located in the
C-terminal domains following the TMH of TatB, which can
suppress the export defect of a TorA[KQ]-30aa-MalE precur-
sor protein. Indeed, several amino acid substitutions could be
identified, which allowed for low but nevertheless detectable
export into the periplasm in the absence of the RR residues.
Mutations present in half of the isolated clones mapped to the
predicted APH of TatB, and the remaining amino acid substi-
tutions were distributed over the more distal C-terminal helices
and the respective linker regions (Fig. 5, green dots). In full
agreement with the results of several truncation analyses (45,
46), no suppressing mutations were identified in the extreme C
terminus of TatB beyond residue 101, which was found not to
be essential for TatB function. Strikingly, suppression of the
TorA[KQ]J-30aa-MalE export defect by the various TatB sub-
stitutions was not drastically impaired by a severe truncation of
the 30aa-region. Furthermore, even the replacement of the
30aa-region of TorA by a completely unrelated 30aa-region of
another Tat substrate, NapA, did not abolish the suppressing
activities of the mutated TatB proteins, clearly indicating that
none of the isolated TatB mutations restored export of the cor-
responding export-defective precursor proteins by strengthen-
ing specific interactions between the respective early mature
protein regions and TatB, but that rather must have acted in a
different way. Interestingly, all TatB substitutions showed an
even stronger suppressing activity toward the export-defective
Tat substrate when the 30aa-region from NapA was present.
Although the underlying reason for this observation is
unknown, one might speculate that, compared with the early
mature region of TorA, the first 30 amino acid residues of the
mature NapA protein might intrinsically possess a higher affin-
ity to the TatBC receptor complex. If so, then this might gen-
erally imply that the contribution of the early mature part of
Tat substrates to TatBC receptor binding significantly differs
between different Tat precursor proteins.

The strongest suppressor phenotypes were promoted by the
amino acid substitutions K30I and I36N in the APH of TatB.
Interestingly, exactly the same mutations were previously
found to also suppress the export defect of AmiA and SufI Tat
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precursor proteins carrying inactivating substitutions in their
signal peptides (43), demonstrating that these mutations evi-
dently act in a rather indirect and substrate-unspecific manner.
Recent studies showed that the TMHs of TatB and TatA share
a common binding site on TatC, which is occupied by TatB in
the absence of substrate binding. Signal peptide binding to the
TatBC complex is suggested to trigger movement of the TMH
of TatB from this binding site allowing TatA to bind, oligomer-
ize, and induce formation of an active TatABC translocase (43,
47). Because the orientation between the TMH and APH of
TatB was found to be rather rigid (42), substitutions in the APH
might indeed lead to slight conformational alterations of the
TatBC-binding cavity, thereby reducing the affinity of the TatB
TMH for the respective binding site on TatC, as was previously
proposed for the TatB mutations K30I and I36N, which
restored some export of otherwise export-defective AmiA
and SufI Tat precursor variants (43). As a consequence, weak
residual binding of the mutated signal peptide was found
to be sufficient to trigger these essential conformational
changes in the TatBC substrate receptor leading to effective
transport of the normally export-defective Tat precursor
across the membrane.

Although such an indirect and substrate-unspecific effect on
the conformation of the hydrophobic TatBC substrate-binding
pocket might likewise be caused by the other mutations found
in the APH and the preceding linker region, we, however,
regard it less likely for the remaining mutations located in the
more distal C-terminal regions of TatB. Studies on TatB struc-
ture revealed that, in contrast to the TMH and APH of TatB, the
two C-terminal helices a3 and a4 are highly flexible and thus
can change their relative orientations by flexible movements at
the respective connecting regions for an optimal adaptation to
various sizes and shapes of Tat substrates (42). It is therefore
difficult to imagine that mutations in these flexible parts of
TatB could have such a long range conformational effect that is
transmitted to and alters positioning of the TMH of TatB with
respect to the TatA/TatB-binding site on TatC. We would
rather speculate that, upon insertion of the signal peptide
and the partially unfolded N-terminal part of the early
mature protein into the TatBC-binding cavity, these substi-
tutions alter the conformation of the C-terminal domains of
TatB allowing them to wrap more tightly around the folded
part of the nonnative substrate MalE, thereby promoting a
stronger fixation of the otherwise too weakly bound Tat pre-
cursor to the Tat translocase, as indicated in the model
depicted in Fig. 5. Because significant MalE export was
restored by these mutations, these results provide a first
genetic evidence that association of the cytosolically-local-
ized domains of TatB with folded Tat substrates indeed con-
tributes to the productive interaction of Tat precursors with
the TatBC receptor complex.

Taken together, the results of our genetic approach strongly
support the view that productive recognition and binding of
Tat substrates by the Tat translocase does not exclusively
depend on the Tat signal peptide but also involves a more
extended area encompassing at least the early mature protein
region. Thus, the early mature part is not only a passenger
domain playing a passive role in the binding process but also
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Table 3
Bacterial strains and plasmids used in this study

Relevant properties” Source
E. coli strains
DHb5«a supE44, Alacl169 (80 lacZAMI5) hsdR17 recAl endAl hsdR gyrA relA thi 51
GSJ100 MC4100 X P1.MM129>Tc® AmalE444 zjb729::Tnl0 40
GSJ101 DADE X P1.MM129>Tc® AmalE444 zjb729::Tn10 40
Plasmids

pHSG575 pSC101 replicon, lacZa™*; Cm® 52
pHSG-TatABCE pHSG575 derivative; carrying the tatABCE genes of E. coli 41
pHSG-TatABC[L9F]E pHSG-TatABCE harboring L9F mutation in TatC 23
pHSG-TatAB[P26L]CE pHSG-TatABCE harboring P26L mutation in TatB This study
pHSG-TatAB[K30I]CE pHSG-TatABCE harboring K30I mutation in TatB This study
pHSG-TatAB[I36N]CE pHSG-TatABCE harboring I36N mutation in TatB This study
pHSG-TatAB[R37H]CE pHSG-TatABCE harboring R37H mutation in TatB This study
pHSG-TatAB[A38E]CE pHSG-TatABCE harboring A38E mutation in TatB This study
pHSG-TatAB[T51A]CE pHSG-TatABCE harboring T51A mutation in TatB This study
pHSG-TatAB[T511]CE pHSG-TatABCE harboring T511 mutation in TatB This study
pHSG-TatAB[T75M]CE pHSG-TatABCE harboring T75 M mutation in TatB This study
pHSG-TatAB[P76L]CE pHSG-TatABCE harboring P76L mutation in TatB This study
pHSG-TatAB[A89V]CE pHSG-TatABCE harboring A89V mutation in TatB This study
pTorA-MalE pBBR1IMCS-2 carrying the torA-malE fusion gene, Km® 40
pTorA-30aa-MalE pBBR1IMCS-2 carrying the torA-30aa-malE fusion gene with linker region encoding 30

the first 30 aa of mature TorA, Km~®
pNapA-30aa(NapA)-MalE pBBRIMCS-2 carrying the napA-30aa-malE fusion gene with linker region encoding This study

the first 30 aa of mature NapA, Km®
pTorA-30aa(NapA)-MalE pBBRIMCS-2 carrying the torA-30aa(napA)-malE fusion gene with linker region encoding ~ This study

the first 30 aa of mature NapA, Km"
pTorA[KQ]-30aa(NapA)-MalE pTorA-30aa(NapA)-MalE (R11K and R12Q) This study
pTorA[KQ]-MalE pTorA-MalE (R11K and R12Q) 23
pTorA[QQ]-MalE pTorA-MalE (R11Q and R12Q) This study
pTorA[KQ]-30aa-MalE pTorA-30aa-MalE (R11K and R12Q) 30
pTorA[KQ,A16V]-30aa-MalE pTorA-30aa-MalE (R11K, R12Q, A16V) 30
pTorA[KQ,T22A]-30aa-MalE pTorA-30aa-MalE (R11K, R12Q, T22A) 30
pTorA[KQ,G25W]-30aa- pTorA-30aa-MalE (R11K, R12Q, G25W)) 30
pTorA[KQ,G28W]-30aa-MalE pTorA-30aa-MalE (R11K, R12Q, G28W) 30
pTorA[KQ,G25W/G28W]-30aa-MalE pTorA-30aa-MalE (R11K, R12Q, G25W, G28W) 30
pTorA[KQ]-30aa[T441]-MalE pTorA-30aa-MalE (R11K, R12Q, T44I) This study
pTorA[KQ]-30aa[D45L]-MalE pTorA-30aa-MalE (R11K, R12Q, D45L) This study
pTorA[KQ]-30aa[H58I]-MalE pTorA-30aa-MalE (R11K, R12Q, H58I) This study
pTorA[KQ]-30aa[K50L]-MalE pTorA-30aa-MalE (R11K, R12Q, K50L) This study
pTorA[KQ]-30aa[T55R/T65R]-MalE pTorA-30aa-MalE (R11K, R12Q, T55R, T65R) This study
pTorA[KQ]-30a[T65R]-MalE pTorA-30aa-MalE (R11K, R12Q, T65R) This study
pTorA[KQ]-30aa[D68R]-MalE pTorA-30aa-MalE (R11K, R12Q, D68R) This study
pTorA[KQ]-30aa[T441/K50L]-MalE pTorA-30aa-MalE (R11K, R12Q, T441, K50L) This study
pTorA[KQ]-30aa[T441/T65R]-MalE pTorA-30aa-MalE (R11K, R12Q, T441, T65R) This study
pTorA[KQ]-30aa[K50L/T65R]-MalE pTorA-30aa-MalE (R11K, R12Q, K50L, T65R) This study
pTorA[KQ]-30aa[D45L/D68R]-MalE pTorA-30aa-MalE (R11K, R12Q, D45L, D68R) This study
pTorA[KQ]-30aa[K50L/D68R]-MalE pTorA-30aa-MalE (R11K, R12Q, K50L, D68R) This study
pTorA[KQ]-30aa[K50L/T55R/T65R]-MalE pTorA-30aa-MalE (R11K, R12Q, K50L, T55R, T65R) This study
pTorA[KQ,A16V]-30aa[H581]-MalE pTorA-30aa-MalE (R11K, R12Q, A16V, H58I) This study
pTorA[KQ,T22A]-30aa[T65R]-MalE pTorA-30aa-MalE (R11K, R12Q, T22A, T65R) This study
pTorA[KQ,T22A]-30aa[D68R]-MalE pTorA-30aa-MalE (R11K, R12Q, T22A, D68R) This study
pTorA[KQ,G28W]-30aa[H58I]-MalE pTorA-30aa-MalE (R11K, R12Q, G28W, H58I) This study
pTorA[KQ,G25W]-30aa[K50L]-MalE pTorA-30aa-MalE (R11K, R12Q, G25W, K50L) This study
pTorA[KQ,G28W]-30aa[K50L]-MalE pTorA-30aa-MalE (R11K, R12Q, G28W, K50L) This study
pTorA[KQ,G25W/G28W]-30aa[K50L]-MalE pTorA-30aa-MalE (R11K, R12Q, G25W, G28W, K50L) This study

4 KmR is kanamycin resistance; CmP is chloramphenicol resistance.

seems to contribute to the productive binding of the Tat sub-
strate to the TatBC receptor complex. Likewise, domains of the
receptor complex located outside the hydrophobic TatBC-
binding cavity were found to be involved in substrate binding,
providing further evidence that the TatBC receptor complex
forms a large binding pocket that accommodates the entire Tat
substrate.

Experimental procedures

Bacterial strains, plasmids, and culture conditions

E. coli strains and plasmids used in this study are listed in
Table 3. Cells were grown at 37 °C in Luria Bertani medium
(48), minimal medium (49) supplemented with 0.4% (w/v)
maltose (MMM), or MacConkey agar base medium (Difco)
supplemented with 1% (w/v) maltose (MCM). If required,
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isopropyl B-pb-thiogalactopyranoside was used at a 0.1 mMm
concentration. Antibiotics were supplemented at the follow-
ing concentrations: kanamycin, 50 mg/liter; chlorampheni-
col, 25 mg/liter.

DNA manipulations

All DNA manipulations followed standard procedures (50).
Oligonucleotides used in this study are listed in Table S3. The
correctness of all newly constructed plasmids was verified by
DNA sequencing. Plasmids pTorA[KQ]-30aa[T441/K50L]-
MalE, pTorA[KQ]-30aa[K50L/T65R]-MalE, pTorA[KQ]-30aa
[K50L/D68R]-MalE, and pTorA[KQ]-30aa[K50L/T55R/T65R]-
MalE harboring double or triple mutations in the 30aa-region
were constructed by introducing the amino acid substitution
K50L into pTorA[KQ]-30aa[X]-MalE with X being the single
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mutation T441, T65R, D68R, or the double mutation T55R/
T65R ,respectively, using the QuikChange®II XL site-directed
mutagenesis kit (Agilent) and the primers 30aa_K50L_qc_fw
and 30aa_K50L_qc_rev, according to the manufacturer’s
instructions. The combinations of the 30aa-region-located
mutations T44I and T65R or D45L and D68R were constructed
by the same procedure with pTorA[KQ]-30aa[T65R]-MalE
and pTorA[KQ]-30aa[D68R]-MalE, respectively, as templates
and primer pairs 30aa_T44I_qc_fw/revand 30aa_D45L_qc_fw/
rev, respectively, resulting in plasmids pTorA[KQ]-30aa[T441/
T65R]-MalE and pTorA[KQ]-30aa[D45L/D68R]-MalE.

Likewise, the combination of the h-region-located mutations
A16V and G28W, respectively, with the amino acid sub-
stitution H58I in the 30aa-region, resulting in plasmids
pTorA[KQ,A16V]-30aa[H58I]-MalE and pTorA[KQ,G28W]-
30aa[H58I]-MalE, was done using the QuikChange® II XL site-
directed mutagenesis kit (Agilent) with pTorA[KQ,A16V]-
30aa-MalE and pTorA[KQ,G28W]-30aa-MalE, respectively, as
templates and primers 30aa_H58I_qc_fw and 30aa_H58I_qc_rev.

For the construction of pTorA[KQ,T22A]-30aa[T65R]-
MalE and pTorA[KQ,T22A]-30aa[D68R]-MalE, the h-region-
located amino acid substitution T22A was introduced using the
QuikChange® II XL site-directed mutagenesis kit (Agilent)
with pTorA[KQ]-30aa[T65R]-MalE and pTorA[KQ]-30aa
[D68R]-MalE, respectively, as templates and the primers
spTorA[KQ]_T22A_qc_fw and spTorA[KQ]_T22A_qc_rev.
Plasmids pTorA[KQ,G25W]-30aa[K50L]-MalE, pTorA[KQ,
G28W]-30aa[K50L]-MalE, and pTorA[KQ,G25W/G28W]-
30aa[K50L]-MalE were constructed using the same method
with pTorA[KQ,G25W]-30aa-MalE, pTorA[KQ,G28W]-30aa-
MalE, and pTorA[KQ,G25W/G28W]-30aa-MalE, respectively,
as templates and primers 30aa_K50L_qc_fw and 30aa_K50L_
qc_rev.

Plasmid pTorA[QQ]-MalE was constructed by introducing
the double mutation R11Q/R12Q into pTorA-MalE using the
QuikChange® I XL site-directed mutagenesis kit (Agilent) and
the primers RR-QQfor and RR-QQrev, according to the man-
ufacturer’s instructions.

Plasmid pNapA-30aa(NapA)-MalE was constructed by
crossover PCR. Two DNA fragments were amplified using
primer pairs Cross_NapA-NapA30-MalEl fw and Cross_
NapA-NapA30-MalE2_rev or Cross_NapA-NapA30-MalE3_
fw and Cross_NapA-NapA30-MalE4_rev, respectively, and
chromosomal napA gene of E. coli or pTorA-30aa-MalE plas-
mid as template, respectively. Subsequently, both fragments
were fused and amplified using Cross_NapA-NapA30-
MalE1l_fw and Cross_NapA-NapA30-MalE4_rev as primers.
The resulting PCR fragment was digested with BamHI and
EcoRI and ligated into BamHI/EcoRI-digested linearized
pTorA-30aa-MalE plasmid. Plasmids pTorA-30aa(NapA)-
MalE and pTorA[KQ]-30aa(NapA)-MalE were constructed by
the same procedure. For each plasmid, two DNA fragments
were amplified using primer pairs Cross_TorA-NapA30-
MalE1l_fw and Cross_TorA-NapA30-MalE2_rev or Cross_
TorA-NapA30-MalE3_fw and Cross_TorA-NapA30-MalE4_
rev, respectively, and plasmid pTorA-30aa-MalE or pTorA
[KQ]J-30aa-MalE and pNapA-30aa(NapA)-MalE as template,
respectively. These two fragment pairs were fused and ampli-
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fied using Cross_TorA-NapA30-MalE1_fw and Cross_TorA-
NapA30-MalE4 _rev as primers. The resulting PCR fragments
were digested with BamHI and EcoRI and ligated into BamHI/
EcoRI digested linearized pTorA-30aa-MalE plasmid.

Construction of libraries of mutant TorA[KQ]-30aa-MalE
variants and the isolation of 30aa-region-located suppressor
mutations

To screen for intragenic suppressors of the inactivating KQ
mutation in the RR motif of the TorA signal peptide, two sep-
arate mutagenesis libraries were constructed by ep-PCR and
site-saturation mutagenesis, respectively, that contained amino
acid substitutions at random or selected positions within the
early mature protein region of the normally export-defective
TorA[KQ]-30aa-MalE reporter protein.

For the construction of the first mutant library, the gene
region encoding the entire 30aa-region of the TorA[KQ]-30aa-
MalE reporter protein consisting of the first 30 amino acids of
the mature TorA protein was mutagenized via ep-PCR using
the GeneMorph® II random mutagenesis kit (Agilent) accord-
ing to the manufacturer’s instructions. Plasmid pTorA[KQ]-
30aa-MalE was used as template and intramut_torA30aaMalE2_
fw and intramut_torA30aaMalE_rev as primers that contained
Hpal and Kpn2I restriction sites, respectively. The ep-PCR con-
ditions were adjusted such that 1-9 mutations were introduced
per kilobase of template DNA. After completion of the PCR, the
amplified fragments of 229 bp in size encompassing the c-re-
gion of the TorA signal peptide, the 30aa-region, and 38 amino
acids of the mature MalE protein were cut with Hpal and Kpn2I
and ligated into Hpal/Kpn2I-digested linearized pTorA[KQ]-
30aa-MalE. After transformation of the ligation products into
E. coli DH5a, about 3000 clones were obtained from which a
pool of mutagenized pTorA[KQ]-30aa-MalE plasmids was
isolated.

For the construction of the second mutant library, a total of
20 different amino acid positions within the 30aa-region (Ala-
40, Gln-41, Ala-42, Ala-43, Thr-44, Asp-45, Ile-48, Ser-49, Lys-
50, Glu-51, Gly-52, Thr-55, Gly-56, Ser-57, His-58, Gly-60,
Arg-63, Thr-65, Lys-67, and Asp-68) were randomly chosen for
site-directed one-codon saturation mutagenesis using the
QuikChange® II XL site-directed mutagenesis kit (Agilent)
according to the manufacturer’s instructions with pTorA[KQ]-
30aa-MalE as template and the degenerate primers 30aa_
qc_X_fw and 30aa_qc_X_rev, with X being the respective
mutagenized amino acid position. The resulting pTorA[KQ]-
30aa-MalE variants harboring single amino acid substitutions
at the selected positions within the 30aa-region were subse-
quently transformed into E. coli DH5a. For each mutagenized
amino acid position, about 2000 clones were randomly chosen
from which a pool of pTorA[KQ]-30aa-MalE plasmid variants
was isolated.

Small aliquots of both mutant library pools were transformed
separately into GSJ101 (pHSG-TatABCE) by using a standard
heat-shock method. The transformed cells were plated on
solid minimal medium containing 0.4% (w/v) maltose and incu-
bated at 37 °C for up to 6 days. Some of the single mutant col-
onies that appeared on the selection plates were randomly
picked and re-streaked on the same medium, and those isolates
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that showed reproducible growth after 48 h of incubation at the
latest were chosen for further characterization. From these iso-
lates, plasmids pHSG-TatABCE and mutagenized pTorA[KQ]-
30aa-MalE were isolated and separated, and pTorA[KQ]-30aa-
MalE was subsequently used for DNA sequence analysis and
further functional characterizations.

Construction of a library of mutant Tat translocases and the
isolation of suppressing mutations in the cytoplasmically-
located domains of TatB

For the isolation of suppressing mutations of the TorA[KQ]-
30aa-MalE export defect located in the cytoplasmically-located
domains of TatB, the entire APH as well as the following C-ter-
minal domains were randomly mutagenized by ep-PCR using
the GeneMorph II EZClone Domain mutagenesis kit (Agilent)
with pHSG-TatABCE as template and TatB_epAPH_fw and
TatB_epAPH_rev as primers, according to the manufacturer’s
instructions. The ep-PCR conditions were adjusted such that
1-4 mutations were introduced per kb of template DNA. The
resulting mutagenized pHSG-TatABCE plasmids were subse-
quently transformed into E. coli DH5a. About 2400 colonies
were randomly picked from which a pool of pHSG-TatABCE
plasmid variants was isolated. Finally, a small aliqout of the
constructed mutant library was used for transformation of
GSJ101 (pTorA[KQ]-30aa-MalE) expressing the export-defec-
tive TorA[KQ]-30aa-MalE reporter variant by using a standard
heat-shock method. The transformed cells were plated on solid
minimal medium containing 0.4% (w/v) maltose and incubated
at 37 °C for 4 days. Some of the single mutant colonies that
appeared on the selection plates were randomly picked and
re-streaked on the same medium, and those isolates that
showed reproducible growth after 48 h of incubation at the
latest were chosen for further characterization. From these iso-
lates, mutagenized pHSG-TatABCE and pTorA[KQ]-30aa-
MalE plasmid were isolated and separated, and pHSG-
TatABCE was subsequently used for DNA sequence analysis
and further functional characterizations.

Cell fractionation studies

Fractionation of cells into a fraction containing the C/M
and a P was done using an EDTA-lysozyme spheroplasting
method as described by Kreutzenbeck et al. (23). Samples of
the cell fractions corresponding to an equal amount of cells
were subjected to SDS-PAGE and Western blotting using
MalE-specific antibodies (23). As a control for the quality of
the fractionation experiments, the subcellular localization of
the cytoplasmic membrane-associated protein SecA was
analyzed in parallel using SecA-specific antibodies (30).
Western blotting using anti-MalE or anti-SecA antibodies
was performed by using the ECL Western blotting detection
kit (GE Healthcare) according to the manufacturer’s instruc-
tions. The chemiluminescent protein bands were recorded
and quantified using the Fujifilm LAS-3000 Mini CCD cam-
era and image-analyzing system together with the software
AIDA 4.50 (Raytest).
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Miscellaneous procedures

Preparation of membranes, SDS-PAGE, and Western blot-
ting using anti-TatA, anti-TatB, and anti-TatC antibodies were
performed as described previously (23).
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