
The TatA Subunit ofEscherichia coliTwin-Arginine Translocase Has an
N-in Topology†

Catherine S. Chan,‡ Marian R. Zlomislic,‡,§ D. Peter Tieleman,‡ and Raymond J. Turner*,‡

Department of Biological Sciences, and Department of Chemistry, UniVersity of Calgary, Calgary, Alberta T2N 1N4, Canada

ReceiVed March 15, 2007; ReVised Manuscript ReceiVed April 17, 2007

ABSTRACT: The twin-arginine translocase (Tat) system is used by many bacteria to translocate folded
proteins across the cytoplasmic membrane. The TatA subunit is the predicted pore-forming subunit and
has been shown to form a homo-oligomeric complex. Through accessibility experiments using the thiol-
reactive reagents 4-acetamido-4′-maleimidylstilbene-2,2′-disulfonic acid andNR-(3-maleimidylproprionyl)-
biocytin toward site-specific cysteine mutants in TatA, we show that the N-terminus of TatA is located
in the cytoplasm rather than the previously assumed periplasm. We also confirm previous observations
that the C-terminus has a dual topology. By treatment with the membrane uncoupler carbonyl cyanide-
m-chlorophenyl hydrazone, we show that the topological state of the C-terminus is dependent on the
membrane potential. These results suggest two architectures of TatA in the membrane: one with a single
transmembrane helix and the other with two transmembrane helices. Molecular models of both topologies
were used to develop and cartoon a homo-oligomeric complex as a channel with a diameter of∼50 Å
and suggest that the double transmembrane helix topology might be the building block for the translocation
channel. Additionally,in ViVo cross-linking experiments of Gly2Cys and Thr22Cys mutants showed that
Gly2, at the beginning of transmembrane helix-1, is in close proximity with Gly2 of a neighboring TatA,
as Cys2 cross-linked immediately upon the addition of copper phenanthroline. On the other hand, Cys22,
at the other end of the transmembrane helix, took at least 10 min to cross-link, suggesting that a possible
movement or reorientation is required to bring this residue into proximity with a neighboring TatA subunit.

The twin-arginine translocase (Tat)1 system is used by
many bacteria for translocating proteins across the cytoplas-
mic membrane (1, 2). It is most distinctively different from
the well-known Sec pathway in that it can translocate folded
proteins, often with their cofactors inserted, and can even
translocate heterodimeric complexes (3, 4). Another unique
feature of the Tat system is that its substrates possess a
conserved SRRxFLK “twin-arginine” motif in their N-
terminal signal sequences (5). The translocon is made up of
the subunits TatA, TatB, and TatC. The current model
identifies TatA as the pore-forming channel and TatBC as
the substrate delivery vehicles to the TatA pore (6-8). The
final component of the translocon is TatE, which is not
required for translocation but has an interchangeable function
with TatA (2).

Although TatA is the smallest subunit of the three proteins
directly involved in translocation, it is hypothesized to form
the transmembrane pore through homo-oligomerization,
while translocation occurs via a relatively unknown mech-
anism. Early evidence of multimeric structures was demon-
strated through low-resolution electron microscopy, showing
a “double-layered ring” of reportedly six to seven TatA
monomers forming a structure with a∼65 Å central cavity
(9). More recent studies were able to separate a range of
TatA complexes ranging from 100 to 500 kDa in size, leading
to a hypothesis that the pore adjusts to accommodate
substrates of varying size (10). This hypothesis was further
solidified when higher resolution imaging of the TatA
complex demonstrated that it forms structures of a variety
of sizes with similar architecture where it is a hollow ring
with a “plug” at one end (11). The complexes varied in
number of TatA subunits, from 12 to 35 monomers, and in
channel diameter, from 30 to 70 Å. Furthermore, there is
evidence inBacillus subtilisthat the homo-oligomeric TatA
structure first forms in the cytoplasm, followed by insertion
of the entire complex into the membrane through recruitment
by TatC (12, 13).

Information about the tertiary structure of TatA is limited.
Secondary structure predictions and circular dichroism
spectroscopy suggest that TatA consists of twoR-helices at
its N-terminus, one hydrophobic and one amphipathic,
followed by a larger, unstructured C-terminus (14). Pro-
teolytic assays show that the C-terminus of TatA exhibits
dual topology because a tobacco etch virus (Tev) cleavage
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site-fused TatA showed accessibility to Tev protease from
both the cytoplasm and the periplasm (15). The N-terminus
of TatA has been implied to be located in the periplasm based
on predictions using the positive-inside rule and protease
sensitivity experiments (14); however, this orientation has
not yet been experimentally tested.

Proving the location of the N-terminus would limit the
number of possible TatA topologies and improve under-
standing of its tertiary structure. As the purported pore-
forming subunit of Tat, the architecture of TatA is likely to
be a critical determinant of the translocation mechanism.
Here we present experiments designed to target the location
of the N-terminus. Using thiol-modifying reagents of opposite
membrane permeability, we studied the ability of these
reagents to access and modify cysteine residues mutated at
strategic points in TatA (Figure 1) to determine the mem-
brane location of these residues. Using this approach, the
topology of the N-terminus of TatA was determined to be
“N-in”, where the N-terminus is exclusively located in the
cytoplasm. Our studies also support that the C-terminus
exhibits dual topology as described by other research (15).
Here we also show that the topological state of the C-
terminus is dependent on the membrane potential, whereas
the N-terminal location remains unchanged under uncoupled
conditions, limiting the dual topology model to only changes
of the C-terminus. From these constraints on the termini and
the predicted secondary structure, two possible configurations
of TatA monomers in the bilayer can be inferred; one model
has a single transmembrane helix (helix-1) and the other has
two transmembrane helices (helix-1 and helix-2). The single
transmembrane construct has a cytoplasmic N-terminus and
periplasmic C-terminus whereas the double transmembrane
construct has both N- and C-termini directed into the
cytoplasm. These monomer topologies were used to construct
18-membered rings as models of the Tat translocation pore
to critique their compatibility with findings about the three-
dimensional structure of Tat complexes (11). In ViVo cross-
linking of residues surrounding helix-1 was also observed
in this study, supporting other reports that TatA complexes
are built from modular groupings of TatA subunits (10).
Furthermore, rates of dimerization showed residue 2 of TatA
to be in closer proximity with neighboring TatA, yet residue
22 is further away but may come into closer proximity after
time or possibly as a result of movement, perhaps through a
structural rearrangement due to the translocation function of
TatA.

EXPERIMENTAL PROCEDURES

Construction of TatA Mutants. For a detailed list of primer
sequences, please see Table 1. PCR amplification oftatA
using pTatABC (16) as template byTaq DNA polymerase

was performed with the primers TTAT5/TTAT2 to generate
an EcoRI site upstream and a 6×His sequence andHindIII
site downstream oftatA. The resulting PCR product and
pBAD24 (17) were digested withEcoRI and HindIII, and
the digested PCR product was ligated into pBAD24 at a
insert/vector ratio of 3:1 using T4 DNA ligase at 4°C
overnight to generate the plasmid pTTAT1. G2C and V89C
TatA:His6 were generated in a similar fashion as above using
the primers TTAT1/TTAT2 and TTAT5/TTAT19, respec-
tively. The plasmids generated were pTTAT2 (G2C) and
pTTAT9 (V89C). T22C, Insert (cysteine inserted between
Thr22 and Lys23), and S44C TatA:His6 were generated with
the primers TTAT15/TTAT16, TTAT17/TTAT18, and
TTAT9/TTAT10, respectively, using QuickChange II site-
directed mutagenesis (Stratagene) to generate pTTAT10
(T22C), pTTAT11 (Insert), and pTTAT6 (S44C). All result-
ing plasmids were transformed intoEscherichia coliJARV16
(18) via heat shock (19), and colonies selected for ampicillin
resistance were then verified by sequencing through Uni-
versity Core Sequencing Services (University of Calgary,
AB, Canada).

Growth Conditions. For functionality tests, starter cultures
of E. coli MC4100, DADE (20), JARV16 (18), and JARV16
harboring the various TatA plasmids were grown in LB
media containing 100µg/mL ampicillin (for strains carrying
plasmids) at 37°C for 8 h and then diluted to the same OD600.
These were then used to subculture in 3 mL of LB media
containing 2% (w/v) SDS and 0.02% (w/v)L-arabinose at a
final concentration of 1% (v/v) and allowed to grow at 37
°C for 12 h at which time the OD600 was measured. Similarly,
a 0.5% (v/v) subculture into glycerol DMSO minimal media
(21) containing 0.01% (w/v)L-arabinose were grown anaero-
bically for 48 h. Cells were lysed by sonication and
cytoplasmic and membrane fractions were isolated then tested
for DMSO reductase activity as described in ref21.

For labeling and cross-linking studies, aerobic starter
cultures were grown in LB media containing 100µg/mL
ampicillin at 30°C for 16 h. Anaerobic cultures of 11.6 L
containing 0.5% (v/v) starter culture in a peptone fumarate
media (22) supplemented with 0.5% (v/v) glycerol and 100
µg/mL ampicillin were grown at 37°C and induced with
0.02% (w/v)L-arabinose after 8 h. Cultures were allowed to
grow for another 40 h then harvested by centrifugation at
1700× g. Cells were washed with buffer A (5 mM NaH2-
PO4, 30 mM NaCl, pH 8.0) followed by resuspension in 2
times volume to wet pellet weight of buffer A. Uncoupled
cells were generated by incubation of harvested, washed cells
with 20 µM CCCP in buffer A at 37°C for 1 h.

Cysteine Labeling. Cells were labeled immediately fol-
lowing harvest or uncoupling by incubating with 0.2 mM
stilbene maleimide or biocytin maleimide (Molecular Probes,
Invitrogen) for 30 min at room temperature on an end-over-
end shaker. Stilbene maleimide-labeled cells were washed
three times with buffer A then incubated with 0.2 mM
biocytin maleimide as above. Both were then washed with
buffer A containing 2% v/vâ-mercaptoethanol, then again
with buffer A.

Purification of TatA. Labeled cells from above were lysed
through two passes through a French pressure cell at 16 000
psi, followed by centrifugation at 4000× g to remove
unlysed cells and debris, generating a clarified cell-free
extract. Membrane vesicles were then isolated by ultracen-

FIGURE 1: Point mutations of TatA used in this study. Single
cysteine mutations were generated at the residues indicated, along
with a C-terminal His6 tag, then recombinantly expressed inE. coli
JARV16, a strain lacking the TatA/E subunits. Predicted secondary
structure elements helix-1 (a strongly predicted transmembrane
segment) and helix-2 (an amphipathic helix) are illustrated.
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trifugation of the clarified cell-free extract at 100 000× g
for 1.5 h. Membrane vesicles were homogenized in buffer
B (25 mM NaH2PO4, 150 mM NaCl, 5 mM imidazole, pH
8.0) and then solubilized with 2% (w/v) CHAPS (Anatrace)
at 4 °C for 2 h while vortexing periodically. Insoluble
material was removed by ultracentrifugation at 150000× g
for 40 min. TatA proteins were purified through nickel
affinity on a HisTrap HP 1 mL column (Amersham Bio-
sciences) using an A¨ KTA purifier. Initially, a linear gradient
up to 500 mM imidazole in buffer C [25 mM NaH2PO4,
150 mM NaCl, 0.37% (w/v) CHAPS, pH 8.0] was used to
determine the optimal imidazole concentration to wash off
contaminants. Final imidazole concentrations between 125
and 175 mM (depending on mutant) were used in a step
gradient to wash off contaminants, followed by elution with
500 mM imidazole. Fractions containing TatA proteins as
determined by tricine SDS-PAGE (see below) were pooled,
then passed through a HiTrap desalting 5 mL column
(Amersham Biosciences) to facilitate an exchange into buffer
D (25 mM NaH2PO4, 150 mM NaCl, 0.37% w/v CHAPS,
pH 7.4). Protein concentrations were determined by a
modified Lowry method (23).

Detection of Biocytin Maleimide- or Stilbene Maleimide-
Labeled Cysteines. Purified proteins were separated on a 12%
tricine SDS-PAGE gel (24). Reducing agents were omitted
from the sample incubation buffer due to the presence of
dimeric forms through disulfide bonding. These dimers
would contribute to a false negative signal because the
reagents only label sulfhydryls in their reduced form. While
a Lowry assay was used to determine the protein concentra-
tion, this was a combined concentration of monomers and
dimers and would lead to biased results when detecting
biocytin maleimide-labeled cysteines. Samples were elec-
troblotted and probed against the His6 tag using 1:1250 His-
Probe HRP (Pierce) and detected via colorimetry using a
HRP color development kit (Bio-Rad). Monomeric protein
bands were quantitated based on their pixel densities using
KODAK Gel Logic 100 software to determine the concen-
tration of monomeric TatA in each sample. Samples contain-
ing 0.5µg of monomer were then separated by tricine SDS-
PAGE and electroblotted as above. The presence of biocytin
maleimide-labeled cysteines was detected with 150 ng/mL
streptavidin-HRP (Pierce) and developed as above.

The detection of stilbene maleimide-labeled cysteines was
done through spectrophotometric absorbance of approxi-
mately 0.33 mg/mL purified protein at 322 nm. For better
accuracy, protein concentrations were re-determined follow-

ing absorbance measurements as described above. As a
measurement of the degree of labeling, the moles of dye per
mole of protein was determined by dividing the absorbance
by the extinction coefficient of stilbene maleimide (35 000
M-1 cm-1), then multiplying by the molar concentration of
protein.

In ViVo Cross-Linking of TatA Mutants. Cells harvested
as above were diluted another 15 times with buffer A and
treated as described in ref25. Cells were incubated in 0.3
or 3 mM final concentration of CuP by mixing end-over-
end; a 60 mM CuP stock contained 60 mM CuSO4 and 200
mM 1,10-phenanthroline. Cells were incubated at room
temperature for a total of 15 min where 1 mL was removed
at 0, 2, 5, 10, and 15 min and added to a quench solution
(final concentration of 8 mMN-ethylmaleimide and 10 mM
EDTA). Prechilled cells were also incubated as above for
20 min at 4°C and quenched for 10 min. Cells were collected
by centrifugation and resuspended in 200µL of sample
incubation buffer lacking reducing agents then separated by
tricine SDS-PAGE, electroblotted, and detected with His-
Probe-HRP as above.

Modeling TatA Monomer Topologies and Multimeric
Structures. The models presented here are based on a
truncated version of TatA containing only residues 1-49.
Residues 50-89 of TatA were not modeled because their
secondary and tertiary structures are difficult to predict from
the primary structure alone and because it has been shown
that the Tat system can still function when truncated after
49 N-terminal residues (26). To model the single transmem-
brane construct of TatA, residues Gly21 to Lys23 were
treated as anR-R-corner motif, and the remaining residues
1-49 were treated as an ideal helix. To accommodate the
cytoplasmic N-terminus/cytoplasmic C-terminus topology,
we treated amphipathic helix-2 as a transmembrane segment
to generate a two-transmembrane-helix topology. A three-
residue loop was modeled to generate this helical hairpin
topology. The structures were energy minimized in a vacuum
using the GROMOS96 43B1 (27) parameter set implemented
in SwissPDB Viewer (28). Scaffolds for the 18-member TatA
rings were generated using CNS (29) scripts with in-house
modifications (30) to reproduce a circular distribution of
single ideal helices in thexyplane with an interhelix distance
restraint of 10.4 Å and a channel diameter of 50 Å. The
protein topology parameters used were modified so that the
side chain atoms had zero charge to prevent artificially strong
interactions in the absence of explicit solvent (31). Images
were rendered using Pymol (32).

Table 1: Primers Used in Generating the Various TatA Constructsa

primer sequence (5′ to 3′)
TTAT1 TATAGAATTCAACATG TGCGGTATCAGTATTTG
TTAT2 TATAAAGCTTA GTGATGGTGATGGTGATGCACCTGCTCTTTATCGTG
TTAT5 TATAGAATTCACCATGGGTGGTATCAGTATTTG
TTAT9 GGCTTTAAAAAAGCAATGTGCGATGATGAACCAAAGCAGG
TTAT10 CCTGCTTTGGTTCATCATCGCACATTGCTTTTTTAAAGCC
TTAT15 CGTTGTACTGCTTTTTGGCTGCAAAAAGCTCGGCTCCATCGG
TTAT16 CCGATGGAGCCGAGCTTTTTGCAGCCAAAAAGCAGTACAACG
TTAT17 GTACTGCTTTTTGGCACCTGCAAAAAGCTCGGCTCCATC
TTAT18 GATGGAGCCGAGCTTTTTGCAGGTGCCAAAAAGCAGTAC
TTAT19 ATATAAAGCTTA GTGATGGTGATGGTGATGGCACTGCTCTTTATCGTGGC

a The codon encoding the cysteine mutation is highlighted in bold, the codons encoding the His6 tag are italicized, and restriction enzyme sites
are underlined.
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RESULTS

Functionality of TatA Mutants. As shown in a previous
study, media containing 2% (w/v) SDS was a simple and
accurate test for the functionality of Tat subunits carrying
single or truncating mutations (33). We used a similar test
to ensure that our mutations (Figure 1) were not affecting
the function and ability of TatA to translocate target proteins.
In our initial experimental design, the previous observation
that Thr22 was conserved for function (26, 34, 35) was taken
into account; therefore, a T22C mutation and an insertional
mutation where the cysteine was inserted between Thr22 and
Lys23 were both generated to determine which of the two
was more suitable in terms of viability for our topology
experiments. We found that except for Insert TatA, the
expression of the various mutants inE. coli JARV16, a strain
that is devoid of its TatA/E subunits, was able to restore the
growth to near that of the MC4100 wild-type strain (Figure
2, white bars). Our results show that while Thr22 was
previously shown to be important for function, the insertion
of cysteine after this residue was more detrimental than
mutating it; therefore all of the following experiments were
performed on the T22C mutant instead. This assay also
showed that the restoration of Tat functionality was solely
due to our mutants because cultures without arabinose to
induce the expression of the constructs resulted in no growth
in the presence of SDS (results not shown). Since DMSO
reductase has been shown to be Tat-dependent for targeting
to the cytoplasmic membrane and is involved in anaerobic
respiration inE. coli (22), the percentage of DMSO reductase
activity in the membrane fractions isolated from cells grown
in glycerol DMSO minimal media were also investigated
(Figure 2, gray bars). The results from this assay showed a
lesser degree of restoration by the expression of the plasmids
due to the low concentration of inducer used to express the
constructs. However, since DADE and JARV16 were unable
to even grow in the minimal media used in this assay, the
activity results further support that TatA is still functioning
properly even with the various mutations.

Topology of TatA through Accessibility of Thiol-Modifying
Reagents. The use of substituted cysteine accessibility
method (SCAM; reviewed in ref36) is a popular and
established technique to study membrane boundaries and
topologies of many integral membrane proteins containing

single or multiple transmembrane helices (25, 37-51).
SCAM is based on the use of covalent thiol-modifying
reagents against the target protein, which is mutated to
contain single cysteine residues at the boundaries of the
transmembrane helices or along the entire protein in more
extensive studies. In combination with thiol-modifying
reagents of opposing membrane permeability, the topological
orientation of such proteins can be determined. In our study,
residues corresponding to regions that surround each pre-
dicted secondary structure zone in TatA were mutated to
cysteine (Figure 1), and then labeled by the impermeant
reagent stilbene maleimide and the permeant reagent biocytin
maleimide. Purified TatA proteins isolated from whole cells
that were unlabeled (-), labeled with stilbene maleimide and
then biocytin maleimide (SM+BM), or labeled with only
biocytin maleimide (BM) were detected via a Western blot
probed with streptavidin, which only binds the biotin
derivative on biocytin maleimide (Figure 3A). When one
looks at the results from G2C and T22C TatA, it is apparent
that G2C was labeled by biocytin maleimide and T22C was
not (Figure 3A, SM+BM lanes). The faint signal observed
in the WT lanes was due to a slight excess of streptavidin
resulting in nonspecific binding as blots incubated with less
streptavidin did not show any signal, making the faint signal

FIGURE 2: Functionality of TatA mutants. The normalized optical
densities of cultures grown in the presence of 2% SDS (white bars)
or percentage of DMSO reductase activity in the membrane fraction
(gray bars) ofE. coli MC4100, DADE (∆tatABCD/E), JARV16
(∆tatA/E), and JARV16 harboring plasmids expressing the various
TatA mutants were determined. The DMSO reductase activities for
DADE and JARV16 were not determined because these strains to
not grow in glycerol DMSO minimal media.

FIGURE 3: The topology of TatAsWestern blot analysis of TatA
mutants. Equal amounts of monomeric protein were detected for
biocytin maleimide-labeled cysteines through binding of strepta-
vidin. In panel A, WT, G2C, and T22C TatA were either unlabeled
(-), labeled with stilbene maleimide and then biocytin maleimide
(SM+BM), or labeled only with biocytin maleimide (BM). In panel
B, S44C and V89C TatA mutants were labeled with stilbene
maleimide then biocytin maleimide. In panel C, G2C and S44C
TatA were untreated (- CCCP) or pretreated (+ CCCP) with the
membrane uncoupler CCCP and then left unlabeled (-) or labeled
with stilbene maleimide and then biocytin maleimide (SM+BM).
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in the T22C lanes negligible. This also shows that the signal
observed in the G2C SM+BM lane (Figure 3A) was due to
the binding of biocytin maleimide to the cysteine residue
and not other regions of the protein. Because G2C TatA was
labeled by biocytin maleimide, this indicates that the cysteine
is located in the cytoplasm due to the order in which the
cells were labeled. Since the whole cells were incubated with
the impermeant stilbene maleimide first, only periplasmic
cysteines would be labeled by it. Incubation with the
permeant biocytin maleimide afterward results in labeling
of only cytoplasmic cysteines by biocytin maleimide because
stilbene maleimide labeling of periplasmic cysteines is
irreversible. Based on this analogy, the cysteine in G2C TatA
must be located in the cytoplasm in order to be labeled by
biocytin maleimide. The absence of detection by streptavidin
toward T22C TatA showed that the cysteine in this mutant
was not labeled by biocytin maleimide (Figure 3A, SM+BM
lane), implying that it was labeled by stilbene maleimide,
and therefore it is located in the periplasm. Labeling of TatA
by stilbene maleimide was confirmed through measuring its
absorbance at 322 nm, where the moles of dye per mole of
protein was much higher for T22C TatA than G2C TatA
(Figure 4), providing yet further evidence for labeling
interpretations.

Labeling of G2C TatA by biocytin maleimide appeared
to be weaker in the absence of stilbene maleimide (Figure
3A, G2C BM lane), which is likely due to the limiting
concentrations of reagents used. In this situation, cysteines
of periplasmic proteins and periplasmically located regions
of integral membrane proteins are also competing for this
reagent. In contrast, cells pretreated with stilbene maleimide
will have their periplasmic cysteines modified; thus they are
unable to compete for biocytin maleimide. This competition
effect is further exacerbated when biocytin maleimide must
also cross the cytoplasmic membrane prior to reaching
cytoplasmically located cysteines, leading to the observed
results for both mutants (Figure 3A, BM lanes). Furthermore,
labeling of T22C TatA by stilbene maleimide was verified
through its absorbance as mentioned above, indicating that
even though accessibility of biocytin maleimide appears

weaker toward this cysteine, this potential competition or
inaccessibility effect has little implication on the derived
topological results. Further experiments using 3-fold increase
of reagent and doubled labeling times did not significantly
alter biocytin maleimide labeling but showed an increase of
labeling by stilbene maleimide (results not shown), further
supporting the above topology results.

Labeling experiments were also performed on whole cells
isolated from cultures expressing S44C or V89C TatA
mutants and results show that the cysteines in these two
mutants were labeled by biocytin maleimide (Figure 3B).
This suggests that the C-terminal region of TatA following
helix-2 is located in the cytoplasm. In combination with the
N-terminal data, TatA has a two transmembrane structure
with both N- and C-termini located in the cytoplasm. Taking
into account that other researchers showed dual topology of
the TatA C-terminus (15), it was recognized that our labeling
method would not be able to detect the population of TatA
whose C-termini are located in the periplasm unless per-
formed on everted vesicles. However, since we were unable
to generate a population containing 100% everted vesicles
with certainty by passing through a French pressure cell, a
different method was employed. Given the prior observation
that translocation of SufI by Tat can be blocked by the
addition of the membrane uncoupler CCCP (16) and that
the dual topology is suggested to have a role in the
translocation cycle (15), we sought to test this hypothesis
by the addition of CCCP to cells expressing the S44C mutant
prior to labeling. The results from this experiment show that
S44C TatA isolated from CCCP-treated cells was not labeled
by biocytin maleimide (Figure 3C), indicating that this
residue is now located in the periplasm. In order to test that
the addition of CCCP had no effect on the accessibility of
the thiol-modifying reagents toward cysteine residues, the
same experiment performed on cells expressing G2C TatA
showed that while labeling was slightly weaker when
pretreated with CCCP, this was not sufficient to completely
block cysteine-labeling by biocytin maleimide (Figure 3C).

These results lead to an upside-down L-shaped topology
with the N-terminus in the cytoplasm and C-terminus in the
periplasm when the membrane potential is uncoupled. The
G2C results also show that the N-terminal end of TatA is
always anchored to the cytoplasm and previous observations
of dual topology are due to mixed topologies of the
C-terminus only. In combination with the topology results
with an intact membrane potential, two different models of
TatA are generated (Figure 5).

FIGURE 4: Labeling of TatA proteins by stilbene maleimide. The
presence of stilbene maleimide-labeled cysteine residues were
determined by measuring the absorbance of stilbene maleimide at
322 nm. The moles of stilbene maleimide per mole of protein for
three measurements of each was calculated and plotted.

FIGURE 5: Two models of TatA monomers using residues 1-49.
Predicted helix-1 residues (4-20) are colored blue; predicted helix-2
residues (23-41) are colored red. The remaining residues in
TatA1-49 are colored green: (A) single transmembrane orientation;
(B) double transmembrane orientation.
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Cross-Linking Studies of G2C and T22C TatA. All four
of the TatA mutants appeared to form dimers based on PAGE
and Western analysis (results not shown). However, the
dimers could be resolved into the monomer form through
the addition ofâ-mercaptoethanol to the samples (results not
shown), indicating that these dimers were due to the
formation of disulfide bonds. In order to demonstrate that
the dimeric forms were not a result of the downstream
processing procedures,in ViVo cross-linking experiments
were performed. The addition of CuP would permanently
trap cysteines within close proximity in a cross-linked form,
and the rate of cross-linking would also reflect the degree
of closeness of these cysteines. This technique has been
successfully utilized in mapping the spatial proximities of
transmembrane helix movements in the bacterial chemore-
ceptor Trg during signaling (52, 53). For both mutants, a
small portion of the protein was present as a dimer prior to
cross-linking because samples not incubated with CuP
showed small amounts in the dimer form (Figure 6,- CuP
lanes). Furthermore, a small population of the protein
remained in the monomer form regardless of the length of
incubation with CuP (Figure 6,+ CuP lanes). Incubation of
G2C TatA cells with both 0.3 (results not shown) and 3 mM
CuP showed that it dimerized immediately upon the addition
of CuP, whereas T22C TatA did not reach a saturation of
dimers until at least 10 min (Figure 6). Since the rate of
cross-linking is dependent on the proximity of cysteine
residues, these results suggest that Cys2 residues are in closer

proximity than Cys22 residues. When cells were prechilled
prior to cross-linking, the amount of dimer formed was the
same for G2C TatA but was lower for T22C TatA even
though they were incubated for a total of 20 min (Figure 6,
lanes 4 C). At this temperature, the rotational and transla-
tional diffusion of TatA subunits would be slower, contribut-
ing to the slower rate of dimerization in T22C TatA. This
observation again suggests that Cys2 residues are in close
proximity and Cys22 residues become close to each other
over time.

Modeling TatA Monomer Topologies and Multimeric
Structures. Based on the topology results above, two possible
topologies of monomeric TatA that illustrate these results
are shown in Figure 5. The predicted secondary structure of
TatA was considered with the two topologies observed:
cytoplasmic N-terminus/periplasmic C-terminus and cyto-
plasmic N-terminus/cytoplasmic C-terminus. Helix-1 of TatA
is strongly predicted to be transmembrane and is linked to
the proposed amphipathic helix-2 by a very short linker
region of two to three residues. We also explored modeling
of a multimeric TatA ring using both topologies obtained
above for global comparisons to the electron microscopy
structures observed in ref11. Viewed from thez-axis, our
models show a channel with diameter of 45-50 Å (Figure
7), consistent with class 4 TatA complexes observed by
electron microscopy (11). The structures of ideal single
helices served as scaffolding upon which complete TatA
(residues 1-49) topologies could be modeled. In the case
of the single transmembrane topology, helix-1 would be the
pore-lining helix (modeled by Ile6-Leu18 in CNS). In the
case of the double transmembrane topology, helix-2 would
be the pore-lining helix (modeled by Leu25-Phe39 in CNS).
The 18-mer scaffolds were imported to SwissPDB Viewer,
where the ideal monomer topologies were fit onto the
scaffolds to generate complete TatA1-49 18-mer structures
as possible models of the Tat translocating pore (Figure 7).

DISCUSSION

The Tat system has been identified as a secondary protein
translocation pathway in bacteria and yet its mechanism of
function is still largely unknown. While it is accepted that
there are three subunits that make up the translocon, TatA
is generally thought to serve as the channel that allows
proteins to cross the cytoplasmic membrane and is an
essential component of the translocase. The complete topol-
ogy of TatA is a key element for understanding the
architecture and thus its translocation mechanism at a
molecular level. While the topology of TatA has been studied
using reporter fusions and proteolytic assays toward its
C-terminus, the sided-ness and orientation of the N-terminus

FIGURE 6: In ViVo cross-linking of G2C and T22C TatA. Western
blot analysis of TatA through detection against the His6 tag. Samples
that were not incubated with any cross-linker (- CuP) were
separated via tricine PAGE in the presence (+) and absence (-)
of 2% â-mercaptoethanol. Samples incubated with cross-linker (+
CuP) at room temperature, periodically quenched at fixed time
intervals (expressed in minutes) or prechilled and incubated for 20
min (4 °C), were separated without any reducing agents. The
monomeric (m) and dimeric (d) forms were determined based on
the apparent molecular weights compared with protein standards.

FIGURE 7: Models of the 18-mer TatA1-49 complexes. The structures are shown as a cut-through representation to illustrate the interior and
exterior of the proposed channel: (A) single transmembrane structure; (B) double transmembrane structure. Both channels have diameter
∼50 Å, but the wall diameter of B is∼25 Å. Helix-2 (red) in model A has extreme steric clashes between neighboring and opposite helices.
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has only been implied based on the results of the C-terminus.
Here we determined the orientation of both the N- and
C-terminus. Using four TatA cysteine point mutants sur-
rounding key structural regions (Figure 1), we were able to
establish a topological orientation of TatA where it is upside
down and opposite to that shown in recent reviews and
models (15, 54). Its N-terminus is in the cytoplasm, while
the rest of the protein exhibits two different topological
orientations depending on the presence of an intact membrane
potential (Figure 5).

The choice of using covalent sulfhydryl modifying re-
agents targeted to single cysteine mutants in TatA, rather
than using reporter fusions, to study its N-terminal location
is due to the artificially induced topological orientation that
the reporter fusions could generate. Furthermore, a single
mutation to a cysteine residue is less likely to perturb the
function of TatA in comparison to the addition of a reporter
fusion, regardless of how small this fusion may be. Topo-
logical determination using a single cysteine-directed labeling
approach has been successfully used to study many mem-
brane proteins. Examples include determining the membrane
topology of theR-subunit of theE. coli F1F0 ATP synthase
(49) and demonstrating topological dependence of LacY from
E. coli lactose permease on phospholipid composition (50).

Our results support that the C-terminus of TatA has dual
topology (Figure 5); however, it was only observed as the
single topology with the C-terminus in the periplasm when
the membrane potential was removed by the membrane
uncoupler CCCP. This reagent was successfully utilized in
previous studies to blockin ViVo and in Vitro translocation
of SufI by the Tat translocon (16). Based on our results, it
is apparent that the two topological states are dependent on
the∆pH across the cytoplasmic membrane, and it is possible
that these two topological states of TatA represent the
inactive and active translocating state of TatA in the
translocation cycle. The single transmembrane topology
determined from our uncoupled membranes is likely the
orientation of inactive TatA.

The dual topology of the TatA C-terminus was first
suggested by studies done by Gouffi et al. (15) and is now
supported here by a different approach. However, in studies
by Gouffi et al., the N-terminus of TatA was implied to be
located in the periplasm, a conclusion that was also implied
by Porcelli et al. (14) who performed protease sensitivity
experiments and found the C-terminal region of TatA to be
accessible from the periplasm. While results from both
groups agree with each other (and results shown here) in
terms of the C-terminus, they presented no experimental data
that support the location of the N-terminus. Most sequence
analysis algorithms predict that the N-terminus is located in
the periplasm, although TMbase (55) predicts that the
N-terminus is located in the cytoplasm. TatA theoretically
would have its N-terminus located in the periplasm based
on the positive-inside rule (56) due to residues Lys23 and
Lys24 following helix-1. However, given the possibility that
helix-2 may form a transmembrane helix as indicated by its
dual topology, residues Lys40 and Lys41 (and possibly
Lys37, which may or may not be part of helix-2 depending
on the secondary structure prediction algorithm used), would
fall on the cytoplasmic side of the membrane, leading to the
positive-inside rule being obeyed and supporting our model.
Given that examples of flip-flopping, topologically confused

membrane proteins (whereby a membrane protein without a
significant charge bias to determine its topology is inserted
in multiple orientations) have been recently suggested (57),
it is possible that TatA may also fall into this category of
proteins.

The dimeric forms observed with the G2C and T22C
mutants also give insight in the interactions of helix-1 with
helices of neighboring TatA molecules during oligomeriza-
tion. In ViVo cross-linking experiments show that the residues
2 (glycine) of neighboring helices in the oligomeric form
may be in closer proximity than residues 22 (threonine). This
trend was observed even during lower temperatures where
the movement of TatA helices would be slower, indicating
that residue 2 in TatA is likely always in close proximity to
its neighbor, whereas residue 22 must exhibit some flexibility
in movement, leading to the slower rate of cross-linking. The
slower cross-linking of residue 22 may reflect movement of
TatA helices during translocation. The observation that these
mutants cross-link also supports the homo-oligomeric model
of the TatA pore described in other publications (9, 11). The
slower cross-linking rate of residue 22 may be a result of
reduced accessibility of the cross-linker to this residue.
However, the possibility of movements in TatA still exist,
since this method was successfully used in spatial mapping
of transmembrane helix movements of the Trg chemoreceptor
during signaling (52, 53).

The two distinct topologies have significant implications
for the structure of the translocating pore. Secondary structure
prediction from the sequence of TatA in conjunction with
the N-in topology presented here suggest an L-shaped
structure of the monomer (Figure 5A). If we assume that
the monomeric structure does not change when TatA
assembles into a multimeric structure, and we generate an
18-membered ring with a diameter of∼50 Å (Figure 7A is
a cut through of this structure), we can clearly see that what
we have denoted as helix-2 (Figure 1) cannot reside as an
interfacial helix in this context. An interfacial helix of∼20
residues cannot sit in this geometrical structure without
severe steric clashes. This suggests that if the translocating
pore is constructed of single transmembrane TatA monomers,
the “capping” residues must have some other structural
motifs than interfacial helices. Another problem with the
single transmembrane homo-oligomeric complex is that the
hydrophobic character of the pore-lining helices would
require that it be solvated with lipids, not water or air. In
this case, it is difficult to imagine the energetic cost of
reorganizing the lipids in a cavity with a 50 Å diameter.
Based on these observations, the single transmembrane
topology as depicted in Figure 5A may be structurally stable
as a monomer, but it must undergo some structural rear-
rangement to function in a multimeric translocating pore.

In contrast, the double transmembrane topology illustrated
in Figure 5B cannot sit as a monomer in the membrane
because of the number of polar and charged residues in helix-
2. However, this topology could assemble readily into a
multimeric structure (Figure 7B). The charged and polar
residues of helix-2 might line the pore interior and then be
solvated by water, while the hydrophobic outer-ring formed
by helix-1 is solvated by the membrane. The dimensions of
this construct are in agreement with the structure analysis
of class 4 TatA complexes in ref11. The model presented
here is primarily based on meeting the constraints imposed
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on the topology of TatA set by the results of the accessibility
experiments presented here, in connection with secondary
structure predictions. Detailed residue interactions are not
provided by these models but warrant further study. To date,
there are no proteins of known structure with homologous
sequences to TatA. More detailed structural information such
as the secondary structure of helix-2 and characterizations
of residues 50-89 will be essential to a complete description
of the TatA oligomeric complex and how it functions as a
translocating pore.

The topology and modeling results presented here provide
a new view of the TatA topology, give further insight toward
the function of TatA, and have implications toward the
translocation mechanism.
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