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Background: The Tat translocon transports folded proteins across energized prokaryotic cytoplasmic membranes.
Results: The N-terminal transmembrane domain of TatA interacts with the membrane-stabilizing Psp machinery.
Conclusion: Membrane-stabilization takes place where folded proteins are Tat-dependently translocated.
Significance: Membrane stress is directly related to Tat transport.

Tat systems transport folded proteins across energized mem-
branes of bacteria, archaea, and plant plastids. In Escherichia
coli, TatBC complexes recognize the transported proteins, and
TatA complexes are recruited to facilitate transport. We
achieved an abstraction of TatA from membranes without use of
detergents and observed a co-purification of PspA, a mem-
brane-stress response protein. The N-terminal transmembrane
domain of TatA was required for the interaction. Electron
microscopy displayed TatA complexes in direct contact with
PspA. PspB and PspC were important for the TatA-PspA con-
tact. The activator protein PspF was not involved in the PspA-
TatA interaction, demonstrating that basal levels of PspA
already interact with TatA. Elevated TatA levels caused mem-
brane stress that induced a strictly PspBC- and PspF-dependent
up-regulation of PspA. TatA complexes were found to destabi-
lize membranes under these conditions. At native TatA levels,
PspA deficiency clearly affected anaerobic TMAO respiratory
growth, suggesting that energetic costs for transport of large Tat
substrates such as TMAO reductase can become growth limit-
ing in the absence of PspA. The physiological role of PspA
recruitment to TatA may therefore be the control of membrane
stress at active translocons.

In most prokaryotes as well as in plant plastids, two general
protein translocation systems exist that serve to transport pro-
teins across energized biological membranes: The Sec system,
which is restricted to unfolded proteins, and the twin-arginine
translocation (Tat)? system, which serves to transport folded
proteins (1). The Tat-dependent transport of folded proteins
can cope with proteins of very distinct sizes, ranging from small
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high potential ferredoxins of less than 10 kDa to large oligo-
meric oxidoreductases of more than 140 kDa. Transport is
achieved by the coordinated action of two membrane protein
complexes, one consisting of multiple copies of the component
TatA, and the other consisting of TatC that often is associated
with a third component, TatB (2). Tat(B)C complexes are
receptors that specifically recognize the transported proteins
and possibly initiate or trigger the transport process (3-38).
There is accumulating evidence for a participation of TatA
complexes late during the translocation process (8 —13). TatA
complexes have been shown to vary in size and to be influenced
by the association with substrate-bound TatBC complexes
(14-16). A high resolution NMR structure of a solubilized
TatA protomer of Bacillus subtilis showed that TatA consists of
an N-terminal region that includes a short membrane anchor,
followed by a hinge region, an amphipathic helix and most
likely a largely unstructured C-terminal region that was not
resolved (17).

In our efforts to further analyze the TatA complex of Esche-
richia coli, we found that a significant population of TatA can
be stripped off the membrane bilayer during affinity chroma-
tography. This approach resulted in the identification of a
TatA-interacting protein, the phage shock protein A (PspA)
that is already known to improve Tat transport under substrate
saturating conditions (18). We thus analyzed this TatA-PspA
interaction in detail, identified the interaction determinants,
and found physiological evidence for the functional basis of the
TatA-PspA interaction.

EXPERIMENTAL PROCEDURES

Strains and Growth Conditions—The E. coli strains MC4100
(19), its tatAE-deficient derivative JARV16 (20), and strain
BW25113 as well as pspA, pspB, pspC, or pspF-deleted deriva-
tives of BW25113 (21) were used for physiological studies, and
E. coli XL1-Blue Mrf" Kan or Tet (Stratagene) were used for
cloning. LacZ activity was measured with the transcriptional
fusion of the pspA-promoter with lacZ in the E. coli psp-re-
porter strain MC3 (22). E. coli was grown at 37 °C on LB
medium (1% tryptone, 1% NaCl, 0.5% yeast extract) in the pres-
ence of the appropriate antibiotics (100 wg/ml ampicillin, 15 or
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50 ug/ml kanamycin). TMAO respiration was tested by anaer-
obic growth on M9 medium supplemented with 0.5% glycerol,
trace elements (SL12 (23)), and 1.1% (w/v) TMAO. Cells were
also grown anaerobically on LB medium supplemented with
0.5% glycerol and 0.4% nitrate, and TMAO was added to 1.1%
for induction of forA expression. For rhamnose-dependent
gene expressions, 0.1% rhamnose was added at an ODg, ,,,,, of
0.6 and cells were harvested after 3 h of induction.

Plasmids and Genetic Methods—The tatA or tatE genes were
expressed from the rhamnose-dependent pBW22-based vec-
tors (24). Strep-tagged TatA was amplified by PCR using the
primers Strep-BamHI-F (5'-GTC TCG GAT CCT GGA GCC
ACCCGCAGT TCGAA-3")and AmpR-Scal-R (5'-TGG TGA
GTA CTC AACCAA GTC ATT CTG-3'), and cloned into the
corresponding sites of pBW-tatA-H6 (25). TatA without an N
terminus fatA-CT was amplified by PCR using the primers
tatA-CT-Nde-F (5'-CTG TAC ATA TGA GTG GCA CCA
AAA AGC TCG GCT CC-3') and tatA-Bam-R (5'-TGA TTG
GAT CCC ACC TGC TCT TTA TCG TGG CGC-3') and
cloned into the corresponding sites of pBW-tatA-strep. The
vector pBW-tatA was derived from pBW-tatA-strep by inser-
tion of a single stop codon between the coding region of tatA
and its Strep-tag II using a PCR with the primer pair tatA-
Ndel-F (5'-GAA CAC ATA TGG TGG TAT CAG TAT TTG
GC-3') and tatA-BamHI-1-R (5'-TCA AAG GAT CCT TAC
ACCTGCTCT TTA TCG TG-3').

To verify the importance of the N terminus of TatA various
gene fusions of tatA or its domains were either cloned in front
of or behind the mature domain-encoding region of hip. pBW -
mat-hip-strep served as template (26). For the fusion proteins,
the TatA-CT-encoding region was amplified by PCR with the
primers tatA-CT-BglII-F (5'-ATA TAA GAT CTA GTG GCA
CCA AAA AGC TCG G-3') and tatA-Bam-R (5'-TGA TTG
GAT CCC ACC TGC TCT TTA TCG TGG CGC-3'),
restricted with BamHI/BglII and ligated behind the /ip-gene in
the BamHI restricted vector pBW-mat-hip-strep. A new
BamHI restriction site was introduced into the plasmid pBW-
tatA-strep using the QuikChange method with the primer pair
tatA-BamHI-2-F (5'-GTT GTA CTG CTT TTT GGC GGA
TCC AAG CTC GGC TCC ATC GGT TC-3') and tatA-
BamHI-2-R (5'-GAA CCG ATG GAG CCG AGC TTG GAT
CCG CCA AAA AGC AGT ACA AC-3'), to combine the N
terminus of TatA with the mature domain of HiPIP. For this,
the primer pair mat-hip-BglII-F (5'-ATATAA GAT CTT CCG
CTC CCG CCA ATG-3’) and hip-BamHI-R (5'-AAC GGG
GAT CCG CCG GCCTTCAGG GTC CAG-3’) was used. The
newly designed plasmid pBW-tatA-BamHI-strep was treated
with the restriction enzyme BamHI and ligated with the afore-
mentioned PCR-amplified and Bglll and BamHI-treated mat-
hip gene, resulting in the vector pBW-tatA-NT-mat-hip-strep.

Single copy integration of tatA-strep into the chromosome of
the E. coli strain JARV16 was done according to standard pro-
tocols (27). Initially, the tatA-strep-gene was amplified by PCR,
using the primers tatA-Ndel-F (5'-GAA CACATA TGG GTG
GTA TCA GTA TTT GGC-3') and tatA-BssHII-R (5'-ATA
TAG CGC GCT TAT TTT TCG AAC TGC GGG-3'),
restricted with Ndel/BssHII and ligated with the corresponding
sites of pAH120. For wt-level expression of tatA we exchanged
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P,,.s with P, ., resulting in the pAH120-P, ,-tatA-strep plas-
mid, which was then integrated into the chromosome.

Biochemical Methods—SDS-PAGE and protein estimations
were carried out by standard methods (28, 29). Immunoblots
were developed as described previously (30), using polyclonal
antisera against purified hexahistidine-tagged HiPIP, hexahis-
tidine-tagged PspA, or the C-terminal 16 residues of TatA.
Blots were developed with Strep-Tactin-HRP or Strep-Tac-
tin-AP conjugate (IBA Gottingen, Germany) according to the
manufacturer’s instructions.

TatA protomers or fusion proteins with C-terminal Strep-
Tag Il-fusions were purified from soluble or membrane frac-
tions by Strep-Tactin-based affinity chromatography according
to the supplier’s protocol (IBA), with the exception that 250 mm
NaCl was used in washing and elution buffers. For electron
microscopy, elution fractions of Strep-tagged TatA were fur-
ther purified by sucrose gradient centrifugation and negatively
stained with 2% (w/v) uranyl acetate pH 4.5 as described previ-
ously (31). Hexahistidine-tagged PspA was purified by affinity
chromatography and sucrose gradient centrifugation as
described previously (31).

Mass spectrometry and electron microscopy were carried
out as described previously (26, 31). TMAO reductase was
detected in native gels as described elsewhere (32). Preparation
of inverted vesicles (INV) and fluorescence quenching experi-
ments were carried out as described previously (6). The activity
of B-galactosidase was determined according to Miller (33).

RESULTS

E. coli TatA Interacts with PspA—TatA is membrane-an-
chored by a single N-terminal transmembrane domain (TMD)
and a subsequent amphipathic helix that associates with the
membrane (17, 34). As TatA exists in complexes of very distinct
oligomeric states (35, 36), and as TatA has a very unusual and
short trans-membrane domain (2, 34, 37), we reasoned that it
might be possible to abstract a population of TatA from mem-
brane vesicles without the use of detergents. This would permit
an analysis of TatA complexes that are not organized in deter-
gent micelles.

The experiment was carried out using a TatA variant that
contained a C-terminal Strep-tag II, resulting in multiple Tags
on the homooligomeric functional TatA complexes (38). The
complexes could bind to Strep-Tactin affinity matrices with
sufficient affinity to be abstracted from membranes. Membrane
vesicles were only delayed on the column and could be removed
by six successive washing steps. Highly enriched soluble TatA
could be obtained by this approach (Fig. 1, upper gel). The
membrane-abstracted TatA was remarkably stable in solution
and did not show precipitation for over weeks. One protein
co-purified with TatA in a Coomassie Blue detectable band.
This protein band had an intensity similar to TatA and was
identified as PspA by mass spectrometry. PspA is known to
have dual function and location: in the cytoplasm it has regula-
tory functions, and as a membrane-associated protein it stabi-
lizes the membrane integrity upon manifold stress conditions
(39, 40). PspA has been reported to physically stabilize the
membrane in vitro (41). The PspA interaction was also
observed for the second TatA paralog of E. coli, TatE, a protein
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FIGURE 1. PspA interacts with TatA and TatE. C-terminally Strep-tagged
TatA (upper gel) or TatE (lower gel) were purified from membrane fractions by
Strep-tactin affinity chromatography, and fractions were analyzed by SDS-
PAGE/Coomassie staining. F, flow-through (unbound material); W, last wash
fraction; ET-4, elution fractions. The positions of TatA, TatE, and PspA bands
are indicated on the right. Molecular weight markers are indicated on the left.

that can functionally substitute for TatA (Fig. 1, lower gel). The
interaction was detectable also at wild type levels after single
copy genomic integration of the tatA-strep gene under control
of its natural promoter (supplemental Fig. S1). In further con-
trol experiments with TatA that was produced without the
C-terminal Strep-tag, it was confirmed that the PspA elution
indeed depended on the TatA-strep-binding to the affinity col-
umn (supplemental Fig. S2). The TatA-PspA interaction imme-
diately raised our interest, as PspA is known to improve Tat
transport when the translocation system is saturated (18), and
to our knowledge PspA is the first non-Tat interaction partner
of the Tat-system.

Detection of TatA-associated PspA Structures by Electron
Microscopy—TatA as well as PspA are known to form large
complexes that can be detected by electron microscopy (EM)
(14, 31, 42). We thus analyzed the co-eluting TatA-PspA frac-
tions by transmission EM. The fractions were compared with
TatA-strep, which was prepared from a strain that carried a
pspA deletion, and with purified hexahistidine-tagged PspA.
PspA alone formed the large approx. 30 nm spheroids that con-
sisted of scaffolds surrounded by intensive stain, as seen before
(Ref. 31, Fig. 2). TatA-strep alone formed large thin disks of
variable, often about 16 nm in diameter, or elongated structures
that most likely represented filamentous stacks of these disks.
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FIGURE 2. Detection of the TatA-PspA interaction by electron microscopy.
A, overview micrograph of negatively stained affinity-purified Strep-tagged
TatA, with co-purified PspA (left) and depicted TatA-PspA complexes (right). In
the overview image, arrows point to readily recognizable conjunctions of
TatA-PspA complexes. Note that longer filament-like TatA stacks, although
frequently observed in the overview, were only rarely seen to interact with
PspA. B, higher resolution micrographs of TatA-PspA complexes (upper
panel), TatA as purified in the absence of PspA (middle panel), and a TatA-free
PspA preparation (lower panel). The smaller ~16 nm diameter TatA particles
are seen as predominant interaction partners of PspA and are therefore
depicted in the TatA panel of B.

The TatA structures had a fuzzier surface and showed signifi-
cantly less contrast than the usually spherical PspA scaffolds.
TatA-strep complexes that interacted with PspA were easily
recognizable as composite complexes with typical PspA scaf-
folds in direct contact with TatA (Fig. 2). Most PspA-interact-
ing TatA particles were of the rather small ~16 nm diameter
type, and larger TatA stacks occurred only rarely, suggesting
that PspA-associated filamentous stacks are either rare or more
fragile.

The Transmembrane Domain of TatA Is Crucial for the PspA
Interaction—To identify the region(s) of TatA responsible or
required for the PspA interaction, we constructed fusions of
TatA domains with a soluble and very stable protein, the
mature domain of the high potential iron-sulfur protein
(HiPIP) (43). The constructs contained either the N-terminal
region (TatA-NT; res. 1-21), or the hinge-to-the-C terminus
region of TatA (TatA-CT; res. 21-86). These regions were
fused either to the N terminus or the C terminus of HiPIP,
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FIGURE 3. The N terminus of TatA is required and sufficient for the TatA-
PspA interaction. A, scheme constructs that resulted in the identification of
the N terminus as the region that mediates the interaction with PspA. NT:
residues 1-21 of TatA; CT: residues 21-86 of TatA; All constructs were C-ter-
minally Strep-tagged. B, PspA co-elutes with the N terminus of TatA. Purifica-
tion of TatA-NT-HiPIP, in which the short N-terminal transmembrane domain
of TatA is fused to a Strep-tagged mature domain of HiPIP to allow its purifi-
cation and detection. Membrane fractions of MC4100/pBW-tatA-NT-mat-hip-
strep were loaded on Strep-Tactin matrices, and bound protein was eluted as
described under “Experimental Procedures.” TatA-NT-HiPIP as well as PspA
were detected in fractions of the purification by immunoblot analyses. FT,
flow through; E1-E4: elution fractions.

depending on the natural position of the corresponding
domains in TatA, resulting in the constructs TatA-NT-HiPIP
and HiPIP-TatA-CT, respectively. In control experiments it
was ensured that HiPIP alone, without fused TatA domains, did
not interact with PspA (data not shown).

PspA interacted with the TatA-NT-HiPIP construct, indicat-
ing that the N-terminal 21 residues of TatA are sufficient for the
PspA interaction (Fig. 3). In contrast, the HiPIP-TatA-CT con-
struct, which was soluble due to the lack of the N terminus of
TatA, did not show any PspA interaction, although significant
PspA can be found in the soluble fraction (supplemental Fig.
S3A). Together, these data indicate that the N terminus of TatA
mediates the interaction with PspA.

As it was still possible that the N-terminal fusion of HiPIP
might have interfered with a PspA interaction, we tested
whether a TatA-CT construct without fused HiPIP interacted
with PspA. As in the case of the HiPIP fusion, this construct did
not show any PspA co-purification (supplemental Fig. S3B),
confirming that a membrane association is essential for the
PspA interaction.

The TatA-PspA Interaction Is Influenced by PspB and PspC,
but Not by PspF—PspA is known to interact with the membrane
integral phage shock response proteins PspB and PspC that
most likely cooperatively sense membrane stress (44). In addi-
tion, PspA is known to interact with the regulatory protein PspF
that can activate a 0>*-dependent transcription of the psp genes
under membrane stress conditions (45). To find out whether
these interactions are important for the TatA-PspA contact, we
carried out our analyses in E. coli strains that were deleted in the
genes encoding PspB, PspC, or PspF (Fig. 4). Without PspB,
PspC, or PspF, only basal levels of PspA are present in cells. The
deletions of pspB or pspC further resulted in significantly low-
ered PspA amounts in the membrane fraction, consistent with
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FIGURE 4. The TatA-PspA interaction depends on PspB and PspC, but not
on PspF. A, detection of PspA in purifications of TatA-strep produced in the
E. coli psp-deletion strains JWK1296 ( = ApspF)/pBW-tatA-strep, IWK1299 ( =
ApspC)/pBW-tatA-strep and JWK1298 ( = ApspB)/pBW-tatA-strep. B, comple-
mentation of the PspA-TatA interaction in the pspC deletion strain JWK1299
by expression of pspCin trans. Upper panel, detection of PspA in the TatA-strep
purification fractions. Lower panel, detection of PspC in the TatA-strep purifi-
cation fractions. Note that PspC co-elutes in TatA-strep purifications, as does
PspA. C, complementation of the PspA-TatA interaction in the pspB deletion
strain JWK1298 by expression of pspB in trans. Upper panel, detection of PspA
in the TatA-strep purification fractions. Lower panel, detection of PspB in the
TatA-strep purification fractions. All panels show immunoblots with detec-
tions of the proteins indicated on the right side.

the view that these proteins contribute to the PspA interaction
with the membrane (44, 46—48). In the absence of PspB or
PspC no TatA-PspA co-elution was detectable, whereas the
deletion of pspF did not have any effect, indicating that selec-
tively the membrane-integral interaction partners of PspA are
likely to be important for the stability or formation of the TatA
interaction, but not the soluble interaction partner PspF (Fig.
4A). In successful complementation experiments, the co-elu-
tion of PspA could be achieved again when the pspB or pspC
genes were expressed from a plasmid (Fig. 4B). For these
complementations, hexahistidine-tagged PspB or PspC com-
ponents were used, which allowed for the detection of PspB or
PspC in the PspA-TatA association. We clearly could detect
PspC that seems to be an integral part of the association. PspB
was also detected, but to a much lesser extent (Fig. 4B).
Recombinant TatA Can Induce the Phage Shock Response—
As the PspA interaction suggested that membrane-integral
TatA is related to membrane stress, we analyzed whether TatA
itself can create such membrane stress. We found that recom-
binant TatA production resulted in the phage shock response:
PspA levels were significantly increased when TatA was pro-
duced (Fig. 54). We noted that the C-terminally linked Strep-
tag (GS-WSHPQEFK) compensated in part the unusual slow
migration behavior of untagged TatA. The phage shock
response induction by recombinant TatA strictly depended on
the membrane-stress-sensor PspBC complex as well as on the
o”*-activator PspF (Fig. 5B). Also the basal level of soluble PspA
was kept remarkably constant in wt and ApspB, ApspC, or
ApspF backgrounds, not showing any increase of PspA (in case
of the ApspF strain even a slight decrease) in response to recom-
binant TatA. While the absence of PspF did not influence mem-
brane-binding of basal level PspA, only very little PspA was
detected in membrane fractions in the absence of PspB or PspC,
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FIGURE 5. Recombinant TatA production induces the phage shock
response. A, SDS-PAGE/immunoblot detection of TatA (upper panel) and
PspA (lower panel) in E. coli strains BW25113, BW25113 ApspA, MC4100, and
MC4100 producing TatA-strep (migrating below the natural TatA band; anti
TatA antibody detects both bands). Note that the PspA level is strongly
induced by recombinant TatA-strep. B, induction of the phage shock response
by recombinant TatA levels depends on the phage shock proteins PspB, PspC,
and PspF. Detection of TatA-strep (upper panel) and PspA in the psp-wt strain
BW25113 and its mutants deficient in pspA, pspB, pspC, or pspF, as indicated
with or without recombinant TatA production. To gain a more complete view
of PspA levels, PspA was detected in membrane fractions (m-PspA; middle
panel) and in soluble fractions (s-PspA; lower panel); *, exclusively the Strep-
tag and thus recombinant TatA is detected on this blot. C, LacZ activities of
the pspA-promoter reporter strain MC3, 1 h after induction of pBW-tatA-strep.
Cultures of strains containing the empty vector were used as negative con-
trols (x). Note that the activation of the pspA promoter by TatA-strep produc-
tion depends on the presence of PspB and PspC.

confirming the important role of PspB and PspC in the mem-
brane interaction of PspA. We also noted that the portion of
membrane-associated basal-level PspA was to some extent
increased by TatA in the pspB or pspC mutant strains (Fig. 5B).
It thus may be that TatA per se can already recruit some PspA to
membranes at uninduced levels (there is no induction without
PspB or PspC).

The regulation that resulted in increased PspA abundance
was on a transcriptional level, since a pspA-lacZ promoter
reporter gene fusion showed a marked increase of LacZ activity
upon expression of the tatA gene (Fig. 5C). As typically found
for the phage shock response and as already expected from the

27838 JOURNAL OF BIOLOGICAL CHEMISTRY

140 - AIP
i ccep
130 - H !ﬂ"
E i
) H
2 120 | i

110 A %e

100 T T T 1
200 400 600 800
t[s]

FIGURE 6. Membrane stability is compromised by recombinantly over-
produced TatA. Fluorescence quenching with vesicles of either E. coli
MC4100 producing mature HiPIP from pBW-mat-hip-strep (black traces from
two experiments), or E. coli MC4100 overproducing TatA using the plasmid
pBW-tatA-strep (gray traces from two experiments). HiPIP has been chosen as
negative control to produce a similar size protein with the same rhamnose-
inducible vector system. AU: arbitrary fluorescence intensity units; Quench-
ing was started at the indicated time point by addition of 1 mm ATP and the
pH gradient was abolished by addition of 25 um CCCP (uncoupler). Note that
the fluorescence quenching is ~25% weaker when TatA was recombinantly
produced.

o

protein level experiments, up-regulation strictly depended on
the PspB and PspC proteins in the membrane.

The membrane destabilization by increased TatA levels
could be confirmed by direct measurements of the stability of
inverted membrane vesicles from strains producing TatA. In
control experiments, another protein of similar size (mature
HiPIP) was produced. We applied an acridine orange fluores-
cence quenching approach that monitors the transmembrane
proton gradient that can be established with inverted cytoplas-
mic membrane vesicles (INVs). Acridine orange is trapped
inside INVs in the presence of a pH gradient (49) and this accu-
mulation results in a fluorescence quenching that is diminished
when the delta pH is affected by membrane destabilization (6).
We used whole membrane vesicles in which selectively the
INVs can build up a pH gradient by reverse action of ATP syn-
thase. Interestingly, TatA production reduced the fluorescence
quenching by about 25% relative to the quenching achieved
with the control strain, indicating a partial membrane-destabi-
lization by TatA (Fig. 6).

The overall data suggested that TatA is at the site where
protein transport affects ionic gradients, which is counterbal-
anced by PspA. As this effect should be advantageous also in
non-recombinant systems, we asked the question whether nat-
ural Tat transport results in lower growth rates in the absence
of PspA at least under certain growth conditions. We specu-
lated that the transport of the large 92 kDa TMAO reductase
TorA during anaerobic TMAO respiration in minimal media
could permit the detection of such effects. As shown in Fig. 74,
the growth rate during TMAO respiration was indeed affected.
This effect was not observed with aerobic respiratory growth in
the same medium (data not shown). Activity stains of periplas-
mic fractions from cultures that were shifted for 1 h to TMAO
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FIGURE 7. Under TorA transport conditions, optimal E. coli growth
requires PspA. A, exponential phase of strict TMAO-respiratory growth of
E. coli BW25113 (wt) and its PspA-deficient derivative (ApspA). Mean values
and standard deviations are from three cultures. B, TorA activity stain in
periplasmic fractions of the two strains shown in A. Cells were grown on
LB/glycerol/nitrate medium to allow anaerobic growth independently of
TorA, and TorA production was induced by TMAO 1 h prior to harvest. Cul-
tures without TMAO addition were analyzed in parallel as negative control.

respiration showed that the TorA activity was similar in wt or
PspA-deficient strains, clearly indicating that PspA is not
required for Tat transport per se (Fig. 7B). Therefore, the role of
PspA appears to be limited to the minimization of energetic
costs, reflected by the growth rate effects, and PspA is not
actively involved in Tat transport.

DISCUSSION

Here we report an interaction of the Tat system with a mem-
brane-stress response system, the Psp-System. The detection of
this interaction was only possible due to the fact that a portion
of TatA, as well as its paralog TatE, can be abstracted from
cytoplasmic membranes without the use of detergents. Appar-
ently, the only 3 nm short and not entirely hydrophobic single
N-terminal domain of TatA is not the firmest membrane
anchor, although it clearly has a transmembrane topology (37).
The only TatA interaction partner identified by Coomassie-
stained SDS-PAGE and mass spectrometry was PspA, which is
a coiled-coil protein that forms multimeric complexes that sta-
bilize cytoplasmic membranes under stress conditions (39).

EM analyses of purified TatA-PspA particles clearly showed
typical PspA scaffolds in conjunction with TatA structures (Fig.
2). The transmembrane domain of TatA was responsible and
sufficient for the interaction (Fig. 3). The known partners of
PspA in the cytoplasmic membrane, PspB and PspC (44, 47),
were involved in the interaction: TatA-PspA associations could
only be purified in the presence of PspB and PspC, and a co-pu-
rification of both components with TatA and PspA was detect-
able by immunoblot analyses (Fig. 4). These observations indi-

AUGUST 10, 2012+VOLUME 287+NUMBER 33

cate that PspB and PspC most likely contribute to the TatA-
PspA interaction. This is conceivable considering the fact that
PspB and PspC are very important for the recruitment of PspA
to the membrane, even under non-stressed conditions, as seen
in Fig. 5B. Despite their importance for binding of the majority
of PspA to the cytoplasmic membrane, traces of PspA inter-
acted reproducibly with the membrane in the absence of PspB
or PspC. Interestingly, we observed that abundant TatA alone,
without PspB or PspC, already to some extend enhanced the
amount of membrane-associated PspA (Fig. 5B). It is thus pos-
sible that TatA alone might interact with PspA already without
PspB or PspC present in the membranes, albeit these two com-
ponents appear to at least strongly enhance this binding. As
PspB and PspC clearly stabilize the TatA-PspA interaction to
an extent that allows the co-abstraction from membranes (Fig.
4), which depends on the N terminus of TatA, we believe that
PspB and PspC could be the membrane integral proteins that
mediate this interaction. An additional weaker direct interac-
tion of PspA with TatA might occur via surface-exposed
regions. Also a membrane lipid interaction could be involved
(41). A PspB- and PspC-independent membrane interaction
has also been reported for PspA from Yersinia enterolitica (50).

PspB and PspC are well known to be key players of the phage
shock response. In Yersinia enterolitica it is believed that these
proteins cooperate to sense membrane stress and to recruit
PspA via PspC, and this may well be also the case in E. coli (47,
50). Interestingly, whereas most reported membrane stress sit-
uations are externally imposed, the TatA-Psp interaction
reported here is not related to external stresses. Tat translocons
are sites where membrane stress is continuously generated due
to membrane permeabilization that accompanies the transport
of fully folded proteins. It has been measured in studies on the
thylakoid system that the transport of each folded Tat substrate
is accompanied by the transfer of about 80,000 protons (51),
which can be regarded as a kind of “natural” membrane stress.
As Tat transport is something that takes place under any con-
ditions, it is expected that the Psp system interacts with the Tat
system already at uninduced basal levels. This is exactly what
we observed: The PspF-mediated signaling pathway for the
induction of the psp genes under external membrane stress
conditions is not required for the interaction (Fig. 44). There is
a basal psp gene expression that results in a population of PspA
at membranes even without external stress (seen for example in
Fig. 5, A and B), and a population of these low levels of PspA
appears to be interacting with the Tat system. So what is the
exact function of PspA at Tat translocons? It is surely not a
direct improvement of Tat transport: We did never observe an
effect of the lack of PspA on native level Tat substrate transport
(e.g Fig. 7B). In agreement with this, De Lisa et al. did not
observe any effect of PspA on non-recombinant Tat transport
(18). They instead demonstrated that PspA enhances the trans-
port under overproduction conditions, when the Tat machin-
ery is saturated and when energetic costs for transport are high.
A similar positive effect of PspA on recombinant Tat substrate
transport was observed with the Streptomyces lividans system
(52). Like with E. coli, PspA of S. lividans is important in the
membrane stress response (53). Interestingly, PspB or PspC
components are missing from S. lividans, which would be in
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line with the idea that TatA alone may already recruit PspA.
The transport-promoting effect of PspA under conditions
when energetic costs are high (i.e. when Tat substrates are
recombinantly overproduced) already suggests that PspA
counterbalances membrane stress at the translocation-site. As
we found that PspA had a positive effect on growth when
growth depended on the transport of the large Tat substrate
TorA, we believe that the energetic benefit of a PspA-TatA
interaction is most likely the physiological function.

The exact mechanism by which PspA counterbalances mem-
brane instability and proton leakage remains to be determined.
One mechanistic model exists, in which membrane stabiliza-
tion is proposed to be achieved by multiple interactions of scaf-
fold-like PspA with the membrane (31). This may include pro-
tein-protein as well as protein-lipid interactions. As PspA has
also been shown to be also important for proper Sec transport
(54, 55), it may well be that similar PspA interactions exist for
Sec systems, but this and the exact nature of the interaction will
have to be analyzed in future studies.

Interestingly, we found that recombinant levels of TatA
induce membrane stress, most likely by evoking disorder in the
lipid bilayer due to its short and partially flexible transmem-
brane domain (Fig. 6). In the thylakoid system it has been
described that TatA forms higher order oligomers at active
translocons that permeabilize the membrane for the substrate
passage (16). Similar oligomers might spontaneously form
when TatA is highly abundant in the membrane, and it is a
feasible speculation that the membrane stress induced by
recombinant TatA might mimic the proton leakage at active
translocons. The membrane destabilization by TatA complexes
may also be the simplest explanation for the observation that
TatA can be abstracted from membrane vesicles, which allowed
us to identify Psp-system interactions in this study.

A homolog of PspA in plant thylakoids, VIPP1, has been very
recently demonstrated to stimulate Tat transport (56). VIPP1 is
located on the surface the inner envelope membrane and thy-
lakoids (57, 58). It plays key roles in the biogenesis and struc-
turing of thylakoid membranes (59) and interacts with the pro-
tein import machinery of plastids (60). VIPP1 is also found in
cyanobacteria, where it is essential for thylakoid formation (61).
Interestingly, cyanobacteria contain PspA in addition to VIPP1.
In contrast to PspA, all VIPP1 proteins contain a C-terminal
~30 residues extension that has been suggested to convey thy-
lakoid-specific functions (61). VIPP1 apparently evolved prior
to endosymbiosis from a pspA gene duplication in cyanobacte-
ria, followed by a thylakoid-related specialization (61). Recom-
binant cyanobacterial VIPP1 has been found to improve trans-
port of overproduced Tat substrates similar to PspA, and the
C-terminal extension of VIPP1 did not play a role in this (18).
Cyanobacterial VIPP1 therefore clearly possesses residual PspA
functions, and this might be also expected for VIPP1 from
higher plants. In agreement with this, VIPP1 from cyanobacte-
ria is up-regulated upon salt stress (62), and VIPP1 from Chla-
mydomonas is up-regulated by defects in the photosynthesis
apparatus (63), suggesting that functions of PspA might be
retained within cyanobacteria and algae.

However, no Tat translocon-binding could be shown in the
plant system, and it turned out that VIPP1 promotes Tat trans-
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port rather by enhancing productive substrate binding to the
thylakoids (56). Lo and Theg provided clear evidence for an
improvement of substrate access to productive translocon
binding regions early in the Tat pathway, possibly by influenc-
ing the exposure of transport-productive membrane surface
(56). Such membrane-rearrangements are very much related to
the described important role in thylakoid structuring (56, 59).
Moreover, a role in membrane stabilization in Tat transport has
not been found for plant VIPP1, pointing to clear differences in
the Tat-related roles of PspA and VIPP1 (56). In any case,
despite of functional specifications, the principle mechanisms
of complex assembly and membrane-association may be con-
served, as the PspA-domain of VIPP1 is essential for its oligo-
merization (64).

The herein described recruitment of PspA to TatA sheds
light on the membrane stress imposed by Tat transport. It sup-
ports the idea that TatA is the membrane-permeabilizing com-
ponent and attributes an important function to basal PspA lev-
els that minimize energetic costs at membranes under normal
growth conditions.
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