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ABSTRACT The twin arginine translocase (Tat) exports folded proteins across bacterial membranes. The putative pore-form-
ing or membrane-weakening component (TatAd in B. subtilis) is anchored to the lipid bilayer via an unusually short transmem-
brane a-helix (TMH), with less than 16 residues. Its tilt angle in different membranes was analyzed under hydrophobic mismatch
conditions, using synchrotron radiation circular dichroism and solid-state NMR. Positive mismatch (introduced either by recon-
stitution in short-chain lipids or by extending the hydrophobic TMH length) increased the helix tilt of the TMH as expected. Nega-
tive mismatch (introduced either by reconstitution in long-chain lipids or by shortening the TMH), on the other hand, led to protein
aggregation. These data suggest that the TMH of TatA is just about long enough for stable membrane insertion. At the same
time, its short length is a crucial factor for successful translocation, as demonstrated here in native membrane vesicles using
an in vitro translocation assay. Furthermore, when reconstituted in model membranes with negative spontaneous curvature,
the TMH was found to be aligned parallel to the membrane surface. This intrinsic ability of TatA to flip out of the membrane
core thus seems to play a key role in its membrane-destabilizing effect during Tat-dependent translocation.
SIGNIFICANCE Transport of fully folded proteins across the lipid membrane barrier—requiring a large opening without
uncontrolled ion leakage—is a remarkable capability of the twin arginine translocase. This protein complex is present in
archaea, bacteria, and plant thylakoids. It has been thoroughly investigated since its discovery �30 years ago, but its
functional mechanism and interactions with the lipid matrix remain elusive. The putative pore-forming or membrane-
weakening component is the transmembrane protein TatA, which has a single, exceptionally short transmembrane helix.
Our study suggests that this helix has an intrinsic ability to flip out of the hydrophobic membrane core, which seems to be
functionally relevant in the Tat-dependent translocation mechanism.
INTRODUCTION

The Tat-dependent translocase is capable of transporting
large proteins in their native folded state across bacterial
and thylakoid membranes, driven only by the proton motive
force, as reviewed in (1–8). In most Gram-negative bacteria,
the Tat translocase is composed of the integral membrane
proteins TatA, TatB, and TatC (9–11), whereas in many
Gram-positive bacteria the minimal Tat translocase consists
of TatA and TatC only (7). In B. subtilis, there exist at least
Submitted September 26, 2022, and accepted for publication December 12,

2022.

*Correspondence: torsten.walther@kit.edu or anne.ulrich@kit.edu

Eva R. Stockwald and Lena M.E. Steger contributed equally to this work.

Editor: Marta Filizola.

https://doi.org/10.1016/j.bpj.2022.12.016

� 2022 Biophysical Society.
two substrate-specific minimal TatA/TatC translocases (12),
of which the TatAd/TatCd system is responsible for the
secretion of the enzyme phosphodiesterase PhoD under
phosphate deficiency (13). In such minimal translocases,
TatA has been suggested to cover also the function of the ab-
sent TatB component (14,15). Based on mutation and inter-
action studies, TatC is known to act as a receptor to
recognize and bind the cargo protein via its Arg-Arg-con-
taining signal peptide (16–20). Numerous experimental
findings have shown that TatC can form a functional
TatBC complex by associating with TatB, which acts as a
mediator between TatA and TatC (17,21–23). In the early
literature, TatAwas suggested to constitute the translocation
pore per se, allowing for a large and variable diameter to
appropriately fit the size of any corresponding protein cargo
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(24). This interpretation was based on the findings of its high
molar excess over TatC (25) and its tendency for homo-olig-
omerization (14,24,26–29). More recently, it became clear
that the Tat(B)/C complex also participates actively in the
translocation site (30,31).

Structural data on the key components of the translocase
is required as a basis for understanding any functional
mechanism in detail, and the three-dimensional (3D)
structures of all individual Tat proteins have been resolved
(32–38). The crystal structure of TatC from the hyperther-
mophilic bacterium A. aeolicus shows a bundle of six
transmembrane helices arranged like a baseball glove (35,
36). TatA and TatB both consist of an N-terminal transmem-
brane a-helix (TMH), a surface-aligned amphiphilic a-helix
(APH), and an unstructured C-terminal region, as revealed
by circular dichroism (CD) and NMR spectroscopy
(32,33,37,39–41). TatA and TatB differ in the length of their
C-terminal region, and TatB also has a significantly longer
APH (37,42). Based on a charge zipper motif in the TatA
primary sequence, we have postulated that the membrane-
bound TatA proteins can homo-oligomerize into a long
chain via a network of intra- and intermolecular salt bridges
between them (29).

However, the molecular details of the translocation
process remain largely unknown. Several mechanisms
for the TatA-induced membrane permeabilization step
have been suggested, such as a ‘‘trapdoor’’ mechanism
(24,43–46), where the APH segment flips into the lipid
bilayer to open up a pore with a hydrophilic lining. Another
proposed mechanism involves ‘‘membrane weakening,’’ as
originally postulated by Br€user and co-workers. (47,48)
and supported by Rodriguez et al. (34). Whichever mecha-
nism applies, it must involve many units of TatA, besides
an interface with TatC. In this context, it is striking to realize
that the transmembrane helix of TatA is exceptionally short
compared with other membrane proteins. Based on D2O
exchange observed by liquid-state NMR in micelles, we
have shown previously that the hydrophobic stretch of the
B. subtilis TatAd TMH extends from Leu10 to Phe21, span-
ning merely 12 residues (32). This sequence was shielded
inside a hydrophobic SDS micelle core, whereas the back-
bone amide signals of Gly9 and Gly22 disappeared within
minutes after D2O addition due to H/D exchange, implying
that they lie in the polar interphase region of the SDS
micelle. The TMH region of TatAd from B. subtilis is termi-
nated on both sides by proline-flanking glycine residues
(Pro8Gly9 and Gly22Pro23), which are typically known to
induce a break in an a-helix (49). Altogether, this yields a
contiguous transmembrane helix of at most 16 amino acids
in length (see Table 1). The well-studied E. coli TatA protein
possesses a TMH with an equally short hydrophobic stretch
of 12 residues from Leu9 to Phe20, although it is not flanked
by proline residues (see Table 1). Nonetheless, it starts with
Trp, a so-called flanking residue that is typically found at the
ends of transmembrane segments in the interphase region of
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the lipid bilayer (50–52). The same helix dimensions are
also seen in other TatA proteins (see Fig. S1). Two recent
publications have indeed highlighted the functional impor-
tance of the short TatA TMH and the role of the resulting
hydrophobic mismatch in the process of Tat-dependent
translocation (53,54).

To further understand the significance of the short length of
the TMH, we have systematically studied the membrane
alignment of B. subtilis TatAd as a function of hydrophobic
mismatch and different lipid bilayer curvature. Besides vary-
ing the lipid matrix, we also examined several TatAd variants
with either an extended or a shortenedTMH.All recombinant
proteins were reconstituted in phosphatidylcholine bilayers
with different membrane thickness (and rather neutral curva-
ture), as well as in branched phytanoyl bilayers that have a
highly negative curvature. The alignment of the two constit-
uent TatA helices (TMH and APH) in the membrane was
determined using a combination of synchrotron radiation cir-
cular dichroism (SRCD) and solid-state nuclear magnetic
resonance, performed on the same type of macroscopically
oriented membrane samples. Furthermore, with an in vitro
translocation assay,we investigated the effect of an elongated
TMH on the translocation efficiency, to connect the biophys-
ical observations on model membranes with a functionally
active native membrane system.
RESULTS

In previous solid-state 15N-NMR studies (32,41), we noted
that the full-length TatAd protein (70 amino acids) in
macroscopically oriented samples yields spectra with poor
resolution, due to the disordered C-terminal region from
Ser46 to Gly70 (40). A structural interpretation of these
spectral line shapes is awkward and gets further complicated
by the intrinsic tendency of TatAd to homo-oligomerize
(14,28,55). Therefore, we have used in the present studies
the same C-terminally truncated TatA2-45 as before
(32,40,41). Consisting only of the TMH and the APH this
truncated construct can be regarded as a representative
model of the TatAd monomer as it retains the same second-
ary structure as the wild-type protein (32,40,41).
Influence of bilayer thickness on the secondary
structure of TatA2-45

As a first step, we selected a series of lipids with different
acyl chain lengths to reconstitute TatA in model membranes
with varying thickness under biologically relevant liquid-
crystalline conditions. To systematically examine the
influence of bilayer thickness on the a-helical folding of
TatA2-45, we used phosphatidylcholine lipids with chain
lengths ranging from 8 to 24 carbon atoms. These lipids and
their physical properties are summarized in Table 2. We em-
ployed a series of saturated lipids only from DOcPC (diC
8:0) toDMPC (diC14:0) because the elevated phase transition



TABLE 1 Primary sequences of the TatA constructs

The hydrophobic core of the TMH is indicated in bold (12 residues in B. subtilis as well as in E. coli), the interphase residues of the TMH are highlighted in

gray bold and the residues of the APH are highlighted in italics. The mutations of the protein variants are underlined. Please note that the N-terminal methi-

onine is cut off due to cyanogen bromide cleavage in case of the B. subtilis TatA2-45 variants, which have been used for our structural analysis. However, the

hydrophobic stretch of TatA is not affected by this cleavage, as the partly polar N-terminal part in front of the TMH is quite long.

Flipping transmembrane helix in TatA
temperatures of longer saturated phosphatidylcholine lipids
would require unacceptably high temperatures during the
measurements. Therefore, mono-unsaturated lipids (u-9)
were used to cover the range from DOPC (diC 18:1) to
DNPC (diC 24:1). Within this series, the hydrophobic thick-
ness of the bilayer ranges from 12.2 to 38.2 Å (calculated ac-
cording to Marsh (56)). There are only few literature data
available on the detailed hydrophobic thickness of the natural
B. subtilismembrane or the inner bacterial membrane in gen-
eral. The hydrophobic thickness of theE. coli innermembrane
has been estimated using solid-state NMR to be around 27 Å
(58).The average thickness ofE. coli innermembraneproteins
has been estimated to be 29.7 Å (59). Under the assumption
TABLE 2 Lipids used in this study and their physical properties

Phosphatidylcholine lipids Chain lengt

1,2-Dioctanoyl-sn-glycero-3-phosphocholine diC 8:0

1,2-Didecanoyl-sn-glycero-3-phosphocholine diC 10:0

1,2-Dilauroyl-sn-glycero-3-phosphocholine diC 12:0

1,2-Dimyristoyl-sn-glycero-3-phosphatidylcholine diC 14:0

1,2-Dioleoyl-sn-glycero-3-phosphocholine diC 18:1

1,2-Dieicosenoyl-sn-glycero-3-phosphocholine diC 20:1

1,2-Dierucoyl-sn-glycero-3-phosphocholine diC 22:1

1,2-Dinervonoyl-sn-glycero-3-phosphocholine diC 24:1

Phytanoyl lipids

1,2-Diphytanoyl-sn-glycero-3-phosphocholine diC 16:0(Me

1,2-Diphytanoyl-sn-glycero-3-

phosphoethanolamine

diC 16:0(Me

Lipid phase transition temperature (Tm) as reported by Avanti Polar Lipids (Ala

lated for saturated and unsaturated lipids according to Marsh (56), and for DPhPC

carry four methyl groups.
that the general thickness of membrane proteins is adapted
to the membrane thickness, any model membrane from
DOPC(18:1, dc¼ 26.8 Å) toDEiPC (20:1, dc¼ 30.6 Å)would
thus represent the natural situation.However, for our study, the
natural situation is of less interest aswe aim tomonitor the pro-
tein under extreme conditions to understand its response. Our
intention is to create a lipid environment, in which TatA can
experience pronounced positive or negative hydrophobic
mismatch (meaning that the TMH is longer or shorter than
the hydrophobic thickness of the membrane, respectively).

For SRCD experiments in isotropic suspension, TatA2-45

was reconstituted in small unilamellar lipid vesicles (SUVs).
SRCD is a powerful tool for studying the secondary structure
h Abbreviation Tm (�C) dc (Å)

DOcPC – 12.2

DDPC – 16.6

DLPC �2 21.0

DMPC 24 25.4

DOPC �17 26.8

DEiPC �4 30.6

DErPC 13 34.4

DNPC 27 38.2

4) DPhPC NA 27.2

4) DPhPE NA

baster, AL). The hydrophobic membrane thickness (dc) at 30
�C was calcu-

it was derived from (57). Unsaturated chains are u-9 and phytanoyl chains
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FIGURE 1 SRCD spectra of TatA2-45 reconstituted in phosphatidylcho-

line lipid vesicles with varying membrane thickness. All SRCD spectra

show a typical a-helical line shape with characteristic bands at 194, 209,

and 223 nm. The spectrum of TatA2-45 in DNPC shows an overall decrease

in signal intensity, suggesting some degree of aggregation.

Stockwald et al.
of biological macromolecules like membrane proteins.
Compared with conventional CD spectroscopy, SRCD offers
an extended wavelength range, a significantly better signal-
to-noise ratio, and suffers far less from scattering artifacts
(60,61). An additional advantage of SRCD is its applicability
to systems containing unsaturated lipids, which cannot be
measured in conventional CD, with a good signal-to-noise ra-
tio at wavelengths below 200 nm due to the high background
absorption of the lipid double bonds (52,61).

The SRCD spectra of TatA2-45 in phosphatidylcholine
vesicles with different membrane thickness show a positive
band at 194 nm and two negative bands at 209 and 223 nm
(see Fig. 1). The line shape suggests a predominantly a-he-
lical secondary structure of TatA2-45, irrespective of the
bilayer thickness. Only in the exceptionally thick DNPC
membranes, is a reduction of the signal intensity at
194 nm observed. This is a clear sign of absorption flat-
tening (62), which can be attributed to an increasing degree
of aggregation or clustering of TatA2-45. Notably, all these
spectra show the typical line shape of an a-helical protein,
indicating that the membrane thickness has no effect on
the actual folding or misfolding of TatA2-45.
Influence of bilayer thickness on the membrane
alignment of TatA2-45

In a previous study, we examined the alignment of TatA2-45

in DMPG/DMPC (70/30) bilayers in macroscopically
oriented membranes using oriented CD (OCD). Those
data revealed a surface-aligned orientation of the APH and
a membrane-spanning orientation of the TMH (40), as
expected from their respective amphiphilic/hydrophobic
profiles. To determine the orientation of the two helical
segments of the protein more accurately, the protein was
labeled with 15N and reconstituted in DMPC80/DMPG20/
2128 Biophysical Journal 122, 2125–2146, June 6, 2023
6-O-PC bicelles for 2D solid-state NMR analysis. In
magnetically oriented bicelles, the transmembrane segment
was found to be essentially ‘‘upright’’ with only a slight tilt
angle of 13� relative to the bilayer normal, but the APH was
considerably tilted by 64� instead of the anticipated 90�

(‘‘horizontal’’) alignment (32,41). These data suggested
that the N-terminal end of the amphiphilic APH (which is
connected to the TMH) is pulled quite deeply into the mem-
brane by the unusually short TMH.

Here, we have extended these investigations to find out
whether the membrane alignment of either of the two helical
segments in TatA2-45 is affected by bilayer thickness.
Oriented solid-state 15N-NMR and oriented synchrotron
CD (SROCD) spectroscopy are complementary methods,
ideally suited for monitoring the alignment of membrane
proteins in macroscopically oriented lipid bilayers. They
can provide the membrane alignment of a-helices, and
routinely reveal any loss of alignment due to protein aggre-
gation and/or unfolding (40,52,63–68). We thus reconsti-
tuted TatA2-45 in oriented samples of the same lipid series
as used above for the isotropic SRCD experiments. The
quality of the phospholipid alignment was assessed
from 31P-NMR spectra collected before and after each
15N-NMR experiment (see Fig. S2). All NMR and OCD
measurements were performed using the standard sample
alignment, in which the bilayer normal is aligned parallel
to the static magnetic field or, respectively, to the incident
light beam.

Fig. 2 A shows the 1D 15N-NMR spectra of uniformly
15N-labeled TatA2–45 in oriented phosphatidylcholine bila-
yers with different membrane thickness. In lipids ranging
from DLPC (21.0 Å) to DEiPC (30.6 Å), the signals of
TatA2-45 are separated into two distinct spectral regions.
Signals in the downfield range of 170–220 ppm (highlighted
in yellow) typically originate from helical segments that are
oriented more or less parallel to the magnetic field and
therefore correspond to a genuine transmembrane align-
ment. On the other hand, signals in the upfield range of
80–130 ppm typically originate from helices that are ori-
ented more or less perpendicular to the magnetic field and
are thus aligned along the membrane surface. The sharp
signal at around 32 ppm is characteristic of the more flexible
N-terminus and any lysine side chains of a protein (69).
Hence, our qualitative spectral analysis in Fig. 2 A confirms
the expected membrane alignment of TatA2-45 in this
extended set of lipid bilayers, demonstrating a membrane-
spanning TMH and a surface-aligned APH, in full agree-
ment with the protein structure and alignment previously
determined in anionic planar bicelles (32).

Interestingly, in very thin DOcPC and DDPC membranes,
the signals of the TMH are shifted upfield, indicating that
the TMH of TatA2-45 becomes significantly slanted due to
positive hydrophobic mismatch. The orientation of the
APH cannot be deduced in detail from these spectra, unfor-
tunately, because the spectral region of the APH signals



FIGURE 2 15N-NMR and SROCD spectra of

TatA2-45 reconstituted in macroscopically aligned

phosphatidylcholine lipid bilayers with varying

membrane thickness. (A) The 15N-NMR spectra

show that the TMH of TatA2-45 has an almost up-

right orientation in the series from DLPC,

DMPC, DOPC, and DEiPC, as reflected by distinct

signal intensity in the range of 170–220 ppm (high-

lighted in yellow). With decreasing membrane

thickness, these signals shift gradually upfield,

indicating a more tilted alignment of the TMH.

Pure powder spectra are observed in the case of

DNPC and largely in DErPC, as a result of protein

aggregation in these very thick bilayers. (B) Ac-

cording to the SROCD line shapes, the TMH of

TatA2-45 possesses an upright orientation in

DLPC and DMPC. This is indicated by positive

ellipticity values at 208 nm. A strong tilt of the

TMH and a flat surface-aligned APH is observed

in very short lipids (DOcPC and DDPC) with a

strong negative signal at 208 nm. The increasing

absorption flattening in DOPC to DNPC, together

with an increase of the negative band at 208 nm, in-

dicates aggregation of helical segments. In the

SROCD samples, protein aggregation already

seems to set in in somewhat thinner membranes

than in 15N-NMR samples. The global minima of

the OCD spectra are scaled to the same intensity

to allow comparing the different line shapes at

the characteristic band around 208 nm (dashed

line). A cartoon representation of TatA2-45 visual-

izes the qualitative global orientation of the TMH

in the membrane, as derived from our NMR/

OCD spectra. The hydrophobic membrane thick-

ness (dc) is given for each lipid (see Table 2).

Flipping transmembrane helix in TatA
always contains some residual powder component due to
slight sample heterogeneity (some amount of powder con-
tent is not surprising, as we monitor the protein under
extreme conditions). In the case of the exceptionally short
lipid DOcPC, an additional sharp isotropic signal at 120
ppm arises, originating from flexible protein components
with high mobility, presumably as a result of partial unrav-
eling of the helix. This observation shows that even the un-
usually short TMH of TatA with a hydrophobic length of
24 Å (see Table 3) is yet too long for these extremely thin
bilayers with a hydrophobic thickness of only 12.2–16.6 Å
(see Table 2). On the other hand, the membranes consisting
of DErPC (34.4 Å) and DNPC (38.2 Å) are extremely thick,
and we see that the spectrum of TatA has collapsed into a
nonoriented powder line shape. Such powder pattern is
TABLE 3 TatA2-45 variants and their physical properties

TatA2-45 variants

Number of amino acids

in the TMH

Sequence range

of the TMH

TatA2-45 LALALAL 23 Pro8–Pro30
TatA2-45 LALAL 21 Pro8–Pro28
TatA2-45 LAL 19 Pro8–Pro26
TatA2-45 16 Pro8–Pro23
TatA2-45 DLIL 13 Pro8–Pro20

The length of the TMH was calculated based on a 1.5 Å translation per residue
composed of signals from all spatial orientations of the pro-
tein relative to the magnetic field, which indicates an overall
loss of alignment. This lack of alignment can have many
different reasons, such as unfolding and aggregation into
b-sheets, or merely the clustering of a-helical segments
into local domains with an extreme mosaic spread, or
possibly the dissolution/fragmentation of the lipid bilayer
into disordered patches, etc. Note that a 15N-NMR powder
spectrum alone does not reveal any information on the
folded state of the protein, for which complementary
SROCD experiments are required (the corresponding
SROCD data will be discussed below). We note, nonethe-
less, that the TMH cannot span the bilayer any more in these
extremely long-chain lipids, as it would be energetically
unfavorable to pull the polar N-terminus and/or the
TMH length (Å)

Number of

helix turns Variation

34.5 6.4 extension of the TMH

31.5 5.8 extension of the TMH

28.5 5.3 extension of the TMH

24.0 4.4 natural TMH

19.5 3.6 shortening of the TMH

, and 3.6 residues per helix turn.
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amphiphilic helix any further into the hydrophobic mem-
brane core. Such situation of pronounced hydrophobic
mismatch between a monomeric protein and the surround-
ing lipid matrix is well known to lead to protein clustering
and/or aggregation (70–73), as the line tension of the
annular lipids gets relaxed that way.

Fig. 2 B shows the complementary SROCD data of
TatA2-45 reconstituted in the same lipid systems. In OCD,
the ‘‘fingerprint’’ band around 208 nm gives information
about the alignment of a helix in the bilayer. If the OCD
band around 208 nm exhibits a strong negative intensity, a
protein helix is aligned perpendicular to the incident light,
and therefore parallel to the membrane surface. A decrease
in the OCD signal around 208 nm toward zero implies a
more tilted orientation of the protein helix. If the band
around 208 nm shows zero or positive values, along with
a shift of the positive band maximum from 193 to
196 nm, the alignment of the helix is parallel to the bilayer
normal, which indicates a transmembrane inserted state
(63,74). As CD spectroscopy only gives global information
on secondary structure, OCD spectroscopy can only give
global information on the orientation of the entire protein
sequence used. When interpreting the spectra, one has to
take into account that TatA2-45 consists of a TMH plus an
APH, and therefore the signals of both helices contribute
to the OCD line shape. The SROCD spectra shown here
have thus been normalized to facilitate the comparison of
qualitative differences at the fingerprint band around
208 nm.

As already seen in the NMR data, the OCD spectra also
show that the TMH of TatA2-45 is strongly tilted in the
thin lipids DOcPC and DDPC due to positive hydrophobic
mismatch. Most probably the end of the APH does not get
pulled into the membrane any more in these thin lipids
and can reside flat on the membrane surface, which explains
the very strong negative band around 208 nm. This band is
even more pronounced in DOcPC than in DDPC, in good
agreement with the NMR analysis, which already showed
that the TMH is more strongly tilted in DOcPC. In bilayers
with moderate thickness, as in DLPC and DMPC, the TMH
appears to be aligned in a more or less upright state, suggest-
ing that the hydrophobic stretch of the helix fits across the
core of these bilayers (21.0–25.4 Å). The signal at 208 nm
of the DMPC sample is even more positive than the one
from DLPC, suggesting that the TMH is slightly more up-
right in DMPC bilayers (or the APH gets pulled inside the
membrane to a greater degree). In thicker bilayers starting
from DOPC up to DNPC, the negative intensity of the CD
band around 208 nm increases again but remains less prom-
inent than the band at 223 nm. Furthermore, strong absorp-
tion flattening below 200 nm is apparent, showing that the
protein starts to cluster and/or aggregate. The increase of
the negative band at 208 nm in these cases is most probably
not due to a tilting of a helical segment. It can be explained
by a loss of orientation due to the agglomeration of helical
2130 Biophysical Journal 122, 2125–2146, June 6, 2023
segments, which become unordered in the supposedly
aligned sample (as seen above in the 15N-NMR powder
spectrum), such that the OCD spectrum then resembles
the isotropic CD line shape of a helical segment. This
observation provides the important piece of information
that TatA aggregates without losing its a-helical conforma-
tion. On the side, we note that, in the OCD samples, this pro-
cess starts already in DOPC (which fits to the expectations
based on calculated bilayer thickness), whereas in NMR
it becomes visible only in DErPC and DNPC bilayers,
possibly due to slight differences in sample geometry and
hydration.

In summary, both the solid-state 15N-NMR and the
SROCD data clearly demonstrate a structural adaption of
TatA2-45 to the membrane thickness. The TMH of TatA2-45

aligns in an upright orientation in lipid bilayers only when
the thickness is comparable with the hydrophobic length of
the TMH segment. In thinner bilayers, the TMH responds
to the hydrophobic mismatch by adjusting its tilt angle and
by a relaxation of the membrane-pulled APH. Furthermore,
in very thin bilayers some partial unraveling of the helix is
visible. In thicker bilayers, the TMH of TatA2-45 is obviously
no longer able to span the membrane (even by pulling the end
of the APH inside the bilayer), which leads to aggregation
and/or clustering of the protein, as the polar N-terminus
can no longer reach the polar surface. Interestingly, accord-
ing to OCD, the aggregation/clustering is not accompanied
by any unfolding of the helices.
Influence of TMH length on the membrane
alignment of TatA2-45

Having shown that the membrane alignment of TatA2-45

depends on the external bilayer thickness, as a next step
we examined the influence of the hydrophobic length of
the transmembrane sequence itself. For this purpose, we
produced TatA2-45 variants with different hydrophobic
TMH lengths (see Tables 1 and 3). One variant with a short-
ened TMH was created by deleting three hydrophobic
amino acids: Leu10Ile11Leu12 (TatA2-45 DLIL). A further
three variants with a successively elongated TMH were
generated by inserting repeated leucine-alanine motifs
into the transmembrane region (TatA2-45 LAL, TatA2-45

LALAL, TatA2-45 LALALAL). The corresponding TMH
lengths of all four variants range from 19.5 to 34.5 Å (see
Table 3).

SRCD analyses of these variants demonstrate that the
overall a-helical folding is not influenced by the mutations
(see Fig. S3). To determine their membrane alignment, we
reconstituted the variants in macroscopically oriented lipid
bilayers composed of DMPC (with a hydrophobic thickness
of 25.4 Å that is well suited to accommodate the wild-type
protein) and investigated the samples as above using
SROCD and 15N-NMR (see Fig. 3). The 15N-NMR spectra
show that the signals of the TMH (highlighted in yellow)



FIGURE 3 15N-NMR and SROCD spectra of

TatA2-45 variants with an extended or shortened

TMH reconstituted in macroscopically aligned

lipid bilayers composed of DMPC. (A) The signals

of the TMH (highlighted in yellow) gradually shift

upfield with increasing TMH length, indicating

that the TMHs of the variants with an extended

TMH become tilted more and more due to the hy-

drophobic mismatch. The shortened TatA2-45DLIL

shows a high powder content, indicating protein

aggregation, because the TMH is too short to

span the lipid bilayer. (B) Within the series of the

SROCD spectra, the negative band at 208 nm in-

creases with increasing TMH length, indicating a

more tilted TMH alignment of the TatA2-45 vari-

ants with an extended TMH (and also the APHs

become less and less pulled into the membrane in

these variants). A reduction of the signal intensity

at around 196 nm is also observed with increasing

TMH length (starting from TatA LALAL), indi-

cating some amount of protein aggregation. The

TatA2-45 DLIL mutant seems to aggregate, but re-

tains its helical orientation, indicated by a strong

reduction in the signal intensity around 194 nm

together with a pronounced band at 208 nm. The

global minima of the spectra are scaled to the

same intensity to allow comparison of the different

line shapes at the characteristic band at 208 nm

(dashed line). A cartoon representation of TatA2-

45 visualizes the qualitative global orientation of

the TMH in the membrane, as derived from our

NMR/OCD spectra. The calculated TMH length

for each TatA2-45 variant (see Table 3) and the hy-

drophobic membrane thickness (dc) of DMPC lipid

bilayers (see Table 2) are given.
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shift upfield with increasing TMH length of the TatA2-45

variants, indicating that the extended helixes become more
and more slanted (see Fig. 3 A). One might expect the
APH to reside flat on the membrane surface under these
relaxed conditions without negative hydrophobic mismatch;
however, this cannot be directly derived from the NMR
spectra due the overlay of residual powder pattern signals.
Just as was the case for TatA2-45 in very thin membranes,
these variants compensate the positive hydrophobic
mismatch by increasing the tilt angle of the TMH to prevent
an exposure of hydrophobic side chains to the hydrophilic
environment. On the other hand, mutant TatA2-45 DLIL
with a shortened TMH shows a significant contribution of
a nonoriented signal in the 15N-NMR spectrum. This obser-
vation suggests that protein aggregation/clustering occurs
under equivalent mismatch conditions, determined by the
ratio of helix length to bilayer thickness, as observed above
for TatA2-45 in thick DErPC and DNPC membranes. For
purely physical reasons, any TMH that is too short to span
the bilayer will assemble laterally into clusters and eventu-
ally aggregate and leave the lamellar lipid matrix. When
TatA can no longer pull its polar N-terminus and/or the
connected amphiphilic helix any more deeply into the hy-
drophobic membrane core, the TMH will respond
accordingly.
Within the SROCD series of the elongated TatA variants,
the negative band at around 208 nm becomes gradually
more and more negative from TatA2-45 LAL to TatA2-45

LALALAL (see Fig. 3 B). This observation suggests that
the TMH becomes progressively slanted with increasing
length (while the APH is pulled into the membrane less
and less), which is in full agreement with the solid-state
NMR data described above. At the same time, some absorp-
tion flattening at wavelengths below 200 nm is observed
with increasing TMH length (starting from TatA2-45

LALAL), indicating protein aggregation/clustering. The
deletion of only three amino acids (TatA2-45 DLIL) leads
to a strong negative band at around 208 nm. This mutant
shows also considerable absorption flattening at lower
wavelengths. The OCD data thus suggest that TatA2-45

DLIL tends to aggregate/cluster in DMPC, while retaining
its helical conformation, which would explain the negative
band at 208 nm.

In summary, the hydrophobic length of the transmem-
brane segment influences the orientation of the TMH in
the same way as the bilayer thickness does. Positive hydro-
phobic mismatch leads to an increased slant of the TMH
(and less membrane-immersed APH), whereas negative hy-
drophobic mismatch leads to considerable aggregation and/
or clustering without any unfolding of the helices.
Biophysical Journal 122, 2125–2146, June 6, 2023 2131
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Influence of the N-terminal charge of TatA2-45 on
the membrane alignment

As discussed above, the polar N-terminus of TatA2-45 might
explain the observed aggregation under negative hydropho-
bic mismatch conditions. The N-terminal amino group of a
protein typically has a pKa value of about 7.7 (75). Having
used the organic solvent 1,1,1,3,3,3-hexafluoro-2-propanol
(HFIP) for reconstitution of TatA2-45, the pH value of
our NMR and CD samples is slightly acidic (pH 5–6), so
we can expect the N-terminus of TatA2-45 to be predomi-
nantly protonated in the oriented membrane samples. Such
a charged N-terminus will reside on the hydrophilic face
of the membrane if the TMH spans the lipid bilayer
completely. It would be energetically unfavorable to pull
this charge and the adjacent polar residues (Ser, Asn) deeper
into the hydrophobic membrane core. When the membrane
was too thick in the experiments above, as a consequence we
observed an expulsion of the TMH, resulting in aggregation/
clustering of the entire protein. To clarify this effect, we
wondered whether an increased N-terminal charge would
influence the membrane alignment and aggregation
tendency of TatA2-45. TatA2-45 was thus mutated further
to carry either one or two additional charges near the
N-terminus (see Table 1). Aspartic acid was substituted for
Phe2 (TatA2-45 F2D), and for both Phe2 and Ile7 (TatA2-45 F2
D I7D) in the B. subtilis sequence. We chose the negatively
FIGURE 4 15N-NMR and SROCD spectra of TatA2-45 variants with varying N

layers composed of DOPC, DEiPC, and DErPC. Inspection of the 15N-NMR spe

leads to an increased tendency of protein aggregation, which sets in already in th

well oriented, whereas TatA2-45 F2DI7D is already aggregated. In the longer DEi

the even longer DErPCmembranes, all proteins aggregate. A cartoon representati

membrane, as derived from our NMR spectra (red dots represent the charged

line.
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charged aspartic acid to minimize the influence on the total
charge of the TMH (total charge of the TMH under slightly
acidic conditions: wt ¼ þ1; TatA2-45 F2D ¼ 0; TatA2-45 F2
DI7D ¼ �1). Furthermore, the short side chain of Asp pre-
vents any snorkelling toward the bilayer surface. SRCD
analysis of these charged variants reconstituted in vesicles
prepared from long-chain lipids (DOPC, DEiPC, and
DErPC) proved that the mutations did not influence the
overall a-helical folding of the protein (see Fig. S4). How-
ever, in DEiPC vesicles, some absorption flattening is
apparent, which is even more pronounced in DErPC. This
can be attributed to an increased tendency toward aggrega-
tion/clustering of the charged variants compared with the
wild-type. To determine the membrane alignment in detail,
we used solid-state 15N-NMR (in this case no SROCD was
done, because the data in Fig. 2 showed that, under
these conditions, aggregation of TatA2-45 already started
in DOPC).

The 15N-NMR spectra show that aggregation of the
increasingly polar variants starts in successively thinner
membranes (see Fig. 4). In DOPC and DEiPC, TatA2-45 still
shows reasonably resolved spectra, suggesting an almost up-
right membrane-spanning orientation of the TMH (high-
lighted in yellow) without aggregation. In contrast, the
single exchange mutant TatA2-45 F2D elicits a significant
powder contribution in DEiPC, and the double exchange
-terminal charge density, reconstituted in macroscopically aligned lipid bi-

ctra shows that the introduction of charged amino acids near the N-terminus

inner membranes. In DOPC membranes TatA2-45 and TatA2-45 F2D are still

PC membranes, only TatA2-45 is still oriented (highlighted in yellow) and, in

on of TatA2-45 visualizes the qualitative global orientation of the TMH in the

N-terminus or the aspartate mutations). To see this figure in color, go on-
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mutant TatA2-45 F2DI7D starts to aggregate/cluster already
in DOPC. 31P-NMR spectra of the lipids in the presence
of the charged TatA variants, too, show a considerably
high powder contribution, indicating a perturbation of the
bilayer alignment due to their inability to accommodate
the additional charges on the protein (see Fig. S2).

In summary, these data indicate that the polar N-terminus
is responsible for the aggregation behavior observed under
negative hydrophobic mismatch conditions, at least under
ambient or slightly acidic pH. A stable membrane-anchored
orientation of the TMH is no longer possible when the polar
N-terminus or any additional charged amino acid would
have be to become embedded too deeply within the hydro-
phobic membrane environment.
Influence of spontaneous bilayer curvature on the
membrane alignment of TatA2-45

When the TMH was too short to span the membrane, we
observed protein aggregation and/or clustering in the
NMR and CD experiments described above. However, it is
important to realize that—even though the proteins and lipid
molecules lost their alignment in the oriented NMR sam-
ples—the a-helical conformation of TatA2-45 and its vari-
ants was nevertheless maintained, as indicated by the
characteristic OCD line shapes. This finding implies that
the short TMH of the protein gets expelled from the mem-
brane core as a response to the hydrophobic mismatch,
while remaining properly folded. Its only option now is to
be accommodated near the bilayer surface, allowing both
the polar N-terminus and the APH to reach the hydrophilic
environment on the same face of the membrane. Under the
conditions used so far, this process was accompanied by
lateral clustering of the proteins and a loss of their preferred
orientation, presumably because the protein concentration
was too high and perturbed the lipid packing. To find out
whether a stable surface-aligned orientation of the entire
TatA2-45 molecule (i.e., both the TMH and the APH) is
feasible at all, we thus needed to change the sample condi-
tions. Reducing the protein concentration is problematic in
solid-state NMR due to the intrinsically limited sensitivity
of this method. However, a lipid with a highly negative
spontaneous curvature would be able to accommodate the
expelled TatA2-45 molecules more favorably in the surface
region between the headgroups, at least in terms of the
spatial requirements. We therefore reconstituted the protein
in macroscopically aligned bilayers composed of the
branched-chain lipid DPhPC (1,2-diphytanoyl-sn-glycero-
3-phosphocholine; di-C 16:0, 3me, 7me, 11me, 15me)
(57). Phytanoyl lipids possess a highly negative spontaneous
curvature due to their branched acyl chains, while still form-
ing stable bilayers. Earlier studies on antimicrobial peptides
have demonstrated that the lipid shape, i.e., the spontaneous
lipid curvature, has a dramatic influence on the membrane
alignment of amphiphilic helices (76–82). Lipids with a
high negative spontaneous curvature (higher lateral pressure
in the acyl chain region than in the choline headgroup re-
gion) prevent insertion of these peptides into the membrane.
Lipids with a high positive spontaneous curvature (large
headgroup volume compared with acyl chains, leading to
a higher lateral pressure in the headgroup region than in
the hydrophobic core), on the other hand, allow their tilting
and full insertion (as oligomers) across the hydrophobic
core. The same effect was reported for the folding and inser-
tion of b-barrel outer membrane proteins from bacteria (83).

Phytanoyl lipids should thus promote an expulsion of the
transmembrane-anchored TatA2-45 out of the membrane
core and into the headgroup region. Because of the compar-
atively low packing density of the DPhPC headgroup region
compared with the unbranched phosphatidylcholine bila-
yers used above, we would expect that there is enough space
in DPhPC to accommodate the entire TatA molecule near
the headgroup region. In that case the protein may not
need to aggregate/cluster but could still remain monomeric
and well oriented, embedded in a stable bilayer environ-
ment. This scenario should lead to an alignment of the entire
TatA2-45 protein more or less parallel to the membrane sur-
face, i.e., of both TMH and APH. To facilitate this effect
further, we used a lipid mixture containing, in addition,
some DPhPE, because the small ethanolamine headgroup
of DPhPE provides even more space in the headgroup re-
gion. Since the addition of DPhPE bears the risk of promot-
ing the formation of hexagonal phases, we used only 5%
DPhPE in our experiments and checked the lipid alignment
before and after every 15N-NMR measurement using
31P-NMR (see Fig. S2). In this respect it also important to
note that DPhPC, despite having negative spontaneous cur-
vature, is known to maintain the stable lamellar phase over a
large temperature range (84). This allowed us to measure
these samples at a moderate temperature of 22�C to avoid
drying of the sample, as dehydration would enhance the
risk of forming non-lamellar phases (85). The corresponding
SRCD analysis of TatA2-45 and its variants reconstituted in
DPhPC/DPhPE (95/5 mol/mol) vesicles prove that the pro-
teins retain their overall a-helical folding. The variants with
an extended TMH show an increased helicity compared
with TatA2-45, as expected due the increased length, whereas
the destabilized TatA2-45 DLIL variant shows some degree
of b-stranded signal, presumably due to partial unfolding
(see Fig. S5).

The 15N-NMR spectra (see Fig. 5 A) of the variants with an
extended helix (TatA2-45 LAL, LALAL, and LALALAL)
show that the TMH is properly inserted upright in phytanoyl
membranes. These variants possess a transmembrane segment
that is long enough to span the lipid bilayer completely, allow-
ing the charged N-terminus to reach the hydrophilic surface
(see Tables 2 and 3). For wild-type TatA2-45 with its native
TMH,however, the situation is different. In this very important
case, the signal intensity of the TMH in the upright state is
clearly reduced in the 15N-NMR spectrum. We see that most
Biophysical Journal 122, 2125–2146, June 6, 2023 2133



FIGURE 5 15N-NMR and SROCD spectra of TatA2-45 reconstituted in oriented lipid bilayers composed of phytanoyl lipids with a highly negative spon-

taneous curvature. (A) The 15N-NMR spectra show that phytanoyl lipids support a transmembrane inserted state of the TMH only for the variants with an

extended TMH (TatA2-45 LAL, TatA2-45 LALAL, and TatA2-45 LALALAL). The wild-type TatA2-45 shows a reduced signal of the TMH, suggesting that it

flips at least partially out of the membrane core. The mutant TatA2-45 DLIL with a shortened TMH gives no signal of the TMH anymore, but an underlying

powder pattern becomes visible. (B) SROCD shows that the TMH of the variants TatA2-45 LAL and TatA2-45 LALAL assume a transmembrane inserted state.

The mutant TatA2-45 LALALAL exhibits an increasing negative band at 208 nm, indicating a tilted orientation of the TMH due to positive hydrophobic

mismatch (and a flatter surface-aligned APH). The wild-type TMH, as well as the shortened TMH in TatA2-45 DLIL, seem to flip onto the membrane surface,

as indicated by the strong negative band at 208 nm. The TatA2-45 DLIL mutant not only flips onto the membrane surface, but partly also aggregates there, as

indicated by some amount of absorption flattening. A cartoon representation of TatA2-45 visualizes the qualitative global orientation of the TMH in the mem-

brane, as derived from our NMR/OCD spectra.
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of the TMH segments have ‘‘flipped’’ out of the membrane
(strong reduction in the characteristic ‘‘transmembrane’’
NMR signal around 200 ppm) and ended up parallel to the
membrane surface. The term ‘‘flip’’ is used to describe the re-
orientation between the two stable states seen in different lipid
systems (but it should not imply that the TMH is continually
flipping back and forth between these two states). Obviously,
it is no longer energetically favorable for the TMH to span the
bilayer in phytanoyl lipids, so now the entire TatA2-45 mole-
cule becomes aligned parallel to the membrane surface in a
well-ordered manner. The other lipid systems used above
had always shown significantly increased contribution from
nonoriented protein content under conditions of negative hy-
drophobic mismatch. In DPhPC (with 5% DPhPE); however,
there is no such contribution, as the 15N-NMR spectrum con-
sists only of two discrete signals, with no underlying broad
powder component. Also, the 31P-NMR spectra demonstrate
that the DPhPC/DPhPE (95/5 mol/mol) matrix remains intact
as a well-aligned lamellar bilayer (see Fig. S2). Therefore, it
seems that our idea of providing more space in the headgroup
2134 Biophysical Journal 122, 2125–2146, June 6, 2023
region for the expelled TMH was successful and indeed sup-
ports a flipping of the TMHwhile at the same time preventing
aggregation/clustering.

At this point, it is important to note that, if we regard only
the hydrophobic bilayer thickness per se, TatA2-45 should be
able to span a DPhPC bilayer (27.2 Å) and compensate for a
moderate hydrophobic mismatch. That is because DOPC
(26.8 Å) and evenDEiPC (30.6 Å) have comparable thickness,
and in those lipids the TMHwas found to be upright and well
oriented in theNMR spectra (see Fig. 2A). The data inDPhPC
therefore highlight several factors that contribute to the bal-
ance between the transmembrane and surface-aligned state
of the TMH: 1) the geometrical (and implicitly thermody-
namic) argument of hydrophobic mismatch obviously drives
the increased tilt (bilayer too thin) and the flip (bilayer too
thick) of the TMH; 2) the lipid shape, too, plays an important
role in optimizing lipid-lipid and lipid-protein interactions, fa-
voring either a transmembrane (cylindrical lipid shape) or a
surface-alignment (conical lipid shape with a negative curva-
ture, i.e., small headgroup or voluminous chains). On top of
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that, 3) not only do the relative dimensions of the helix length
and bilayer thickness needed to be considered, but also the
absolute hydrophobicity of the TMH. That is, a shortened
hydrophobic helix is anchored less tightly in the membrane
core due to decreased van derWaals interactionswith the lipid
acyl chains. Accordingly, the mutant TatA2-45 DLIL with a
shortened TMH shows nearly no transmembrane NMR signal
anymore. In this case, all molecules have flipped out of the
membranecompletely, giving rise to a combination ofwell-or-
dered surface-bound protein, aswell as some aggregated/clus-
tered material.

The analogous SROCD analysis confirms these results
(see Fig. 5 B). The TMH lengths of the variants TatA2-45

LAL (28.5 Å) and TatA2-45 LALAL (31.5 Å) match the
hydrophobic membrane thickness of the DPhPC bilayer
(27.2 Å) quite well (see Tables 2 and 3). Indeed, these var-
iants are found to span the lipid bilayer in an essentially up-
right state according to the positive (or in the case of
TatA2-45 LAL only weakly negative, which might reflect a
bit less tight anchoring in the membrane) band at 208 nm.
At first sight the mutant TatA2-45 LALALAL seems to lie
out of order, as it shows an increase of the negative band
at 208 nm. However, this cannot be contributed to by a flip-
ping of the TMH, as we know from the NMR data, but
instead reflects a tilting of the extended TMH due to positive
hydrophobic mismatch (and a flatter surface-aligned APH).
This example illustrates once more why it is so important to
use a combination of oriented NMR and OCD as comple-
mentary techniques, as the information available from either
method alone would remain ambiguous or incomplete. The
important point in Fig. 5 B is that the OCD data of TatA2-45

wild-type and TatA2-45 DLIL show a strong negative band at
208 nm, indicating that the TMH has flipped out of the
membrane core again, fully supporting the 15N-NMR results
above. For TatA2-45 DLIL, some absorption flattening is
visible, which can be attributed to some nonoriented protein
content, as has been also noted from the NMR data.

In summary, these NMR and OCD results provide solid
evidence that the entire TatA2-45 protein (i.e., both TMH
and APH) can be aligned parallel to the membrane surface
in a stable manner while maintaining its a-helical conforma-
tion. We thus conclude that the TMH of TatA2-45 has a
length that is sufficient, on the one hand, to anchor the
protein in the membrane, just like any other conventional
hydrophobic transmembrane segment. However, at the
same time, the unusually short length of the TMH
provides TatA2-45 with an intrinsic ability to flip out of the
membrane under special conditions and reside on the bilayer
surface in an essentially horizontal alignment. In our bio-
physical model membranes, we triggered this unusual flip-
ping of the transmembrane helix simply by adjusting the
parameters of hydrophobic mismatch and negative lipid
curvature.
Monte Carlo simulations for characterization of
the surface-aligned TMH

So far, we have demonstrated that both TMH and APH can
be aligned parallel to the membrane surface in a stable
manner, but neither NMR nor OCD has given any informa-
tion on how deeply either segment is embedded within the
polar/amphiphilic region of the lipid bilayer. This aspect
can be addressed using all-atom Monte Carlo (MC) simula-
tions of TatA, which will also provide a more detailed
picture of the surface-aligned state altogether. Since the po-
larity and charge of the N-terminus were found to affect the
flipping of the TMH (see Fig. 4), we decided to also analyze
and compare the effect of its protonation state (given that the
N-terminal pKa value of a protein is typically around 7.7
(75)). TatA1-45 was embedded in an implicit membrane
model with a hydrophobic thickness of 42 Å, which is
much too thick to allow the N-terminus to reach across to
the opposite side. The first MC run in Fig. 6 A shows that
the membrane-inserted TMH with a deprotonated
N-terminus remains stable in the hydrophobic core of the
bilayer throughout the entire simulation. However, when it
is protonated, the TMH gets flipped out during the simula-
tion and ends up lying parallel to the membrane surface
(see Fig. 6 B and Video S1), as was seen in the slightly
acidic NMR and OCD samples.
FIGURE 6 MC simulation of TatA1-45 with a de-

protonated and protonated N-terminus in an im-

plicit membrane model. Snapshot of all-atom MC

simulations of TatA1-45 in an implicit membrane

model with a hydrophobic bilayer thickness of

42 Å to examine the role of the N-terminal proton-

ation state and to reveal the structure of the surface-

aligned TMH. (A) The deprotonated TMH is stably

inserted inside the membrane during the whole

simulation. (B) When protonated, the N-terminal

helix flips toward the membrane surface and re-

mains there adopting a ‘‘banana-shaped’’ structure,

which is kinked in a way that the charged

N-terminus and the polar residues point into the hy-

drophilic environment (see Video S1). To see this

figure in color, go online.
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Several new insights can be derived from the MC anal-
ysis. First, the flipped protonated TMH is embedded near
the upper edge of the hydrophobic bilayer core, i.e. more
deeply than the amphiphilic APH, which resides in the
polar headgroup layer, as expected. Interestingly, the
TMH adopts a ‘‘banana-shaped’’ structure in this interphase
region, without any discernible breaking of the helix, keep-
ing its two polar ends closer to the hydrophilic layer. The
curved helical structure seems to be stabilized by p-p stack-
ing interactions (86) and/or hydrophobic packing of the
three Phe residues that are lined up on the same face of
the TMH at the beginning, middle, and end of the helix.
This orientation allows the hydrophobic residues to remain
immersed within the upper acyl chain region of the mem-
brane, while the charged N-terminus and other polar
residues are oriented toward the hydrophilic environment.
The immersion of the hydrophobic residues in the upper
acyl chain region of the membrane keeps the TMH adsorbed
to the surface of the membrane. The MC simulations thus
confirm that the protonated/charged N-terminus inside a hy-
drophobic environment is indeed the driving force for the
experimentally observed flipping of the TMH and, in
addition, the simulation provides a first impression on the
depth and rotational alignment of the surface-aligned TMH.
In vitro translocation assay demonstrating the
functional relevance of the short TMH of TatA

The structural investigations of TatA2-45 in model mem-
branes have highlighted an interesting ability of this unusu-
ally short TMH to flip between two alignment states, as it
can exist not only in a genuine transmembrane bound state
but also in a stable surface-aligned state. To examine the
functional relevance of this unusual property of the short
TMH, we performed an in vitro translocation assay in
E. coli (87). The wild-type TatAwas compared with variants
carrying an extended TMH, which should experience a
stronger anchoring in the bacterial membrane. We moni-
tored the transport of the natural E. coli Tat substrate
AmiC into inverted inner membrane vesicles (INVs) upon
synthesis via in vitro transcription/translation. Externally
added proteinase K (PK) digests AmiC completely when
there are no INVs present (see Fig. 7 B: INV–). However,
in the presence of INVs prepared from a TatABCD overpro-
ducing E. coli strain (E. coli BL21 [DE3] DTat comple-
mented with plasmid pET22b þ TatABCD), a significant
amount of AmiC is seen to become resistant to PK treatment
because it was transported into the lumen of the vesicles by
the functional Tat translocase (see Fig. 7 B: TatA wt). An
additional proof for successful translocation is the appear-
ance of the mature form of AmiC (on the SDS-PAGE) due
to cleavage by the signal peptidase. This band is generally
accompanied by a certain amount of AmiC precursor pro-
tein that appears resistant to PK treatment, because it is
known that the cleavage of the signal peptide is not strictly
2136 Biophysical Journal 122, 2125–2146, June 6, 2023
coupled to translocation in this in vitro experiment (30,87).
We produced a series of three TatA variants (extended by
LAL, LALA, and LALALAL) and verified the presence
of all translocase components (TatA, TatB, and TatC) by
western blotting with the corresponding antibodies (see
Fig. 7 A). By comparison of the synthesized amount of
AmiC with the amount that has been transported into the
lumen, we quantified the transport efficiency (TE) on the ba-
sis of three independent experiments. Our assay shows that
the transport of AmiC into INVs gets successively reduced
when the hydrophobic stretch of the TMH is being elon-
gated (see Fig. 7 B). The TatAwild-type shows considerable
transport into the vesicles (TE ¼ 35%), but already the
transport rate of the LAL variants is reduced by half
(TE ¼ 16%), and the TatA variants with even longer
TMHs (LALA and LALALAL) have abolished transport
almost completely (TE ¼ 3 and 1%, respectively). Notably,
the TatA LAL variant displays essentially the same helix
orientation as the TatA wild-type protein in DMPC mem-
branes (as seen in Fig. 3). However, its elongated hydropho-
bic segment seems to anchor the protein more tightly in the
membrane (see Fig. 5) due to enhanced van der Waals inter-
actions. Therefore, the reduced activity can be attributed to
the tighter anchoring of the longer hydrophobic stretch in
the membrane, rather than to an inability of the longer
TMH of TatA to functionally interact with TatC due to
any significant change in orientation. This assay thus proves
that the unusually short length TMH of TatA is critically
required for proper functioning of the TatA translocation
machinery.
DISCUSSION

The TatAd protein, with a length of 70 amino acids, repre-
sents one of the two key components of the minimal Tat
translocase in B. subtilis (12–14). It is assumed that TatA
permeabilizes the membrane, while TatC, the second key
component of the Tat translocase, recognizes the cargo
and initiates the translocation process (8). However, the
detailed functional mechanism of this DpH-driven translo-
cation machinery has remained elusive so far. Circular di-
chroism and solid-state NMR spectroscopy have been
previously used to verify the predicted membrane alignment
of TatAd, consisting of an N-terminal transmembrane helix
(TMH), an amphiphilic helix (APH) that lies at an oblique
angle on the membrane surface, and an unstructured C-ter-
minal region (32,40,41). Notably, the TMH is composed of
only 12–16 amino acids (12 hydrophobic amino acids plus
flanking Pro and Gly residues on both sides) (32), so it
has a length of only 18–24 Å. This is much shorter than
the typical stretch of 20–24 hydrophobic amino acids that
is commonly found for single-span integral membrane
proteins (88–90). It is well known that hydrophobic
mismatch can lead to different responses of helical seg-
ments, such as helix tilting, conformational changes,



FIGURE 7 In vitro translocation assay of TatA

variants with an extended TMH. (A) The presence

of TatA, TatB, and TatC in the INVs is monitored

using western blots with the corresponding anti-

bodies. In all INVs sufficient amounts of the Tat

components were present. However, the expression

rate of the TatAvariants with a massively extended

TMHwas slightly reduced. (B) The transport of the

natural E. coli Tat substrate AmiC into INVs was

monitored. Radioactively labeled AmiC was syn-

thesized by means of in vitro transcription/transla-

tion in the presence or absence of INVs. After PK

treatment to digest all untransported substrate, only

AmiC that has been transported into the lumen of

the INVs is detectable in the subsequent SDS-

PAGE analysis. A transport efficiency (TE) was

quantified on the basis of three independent exper-

iments by comparison of the synthesized amount

of AmiC with the amount that has been transported

into the lumen. INVs containing the wild-type Tat

components (TatAwt) show considerable transport

into the vesicles (TE ¼ 35%). It is seen that the

transport efficiency is gradually reduced with

increasing TMH length (TatA LAL ¼ 16%; TatA

LALA¼ 3%; TatA LALALAL¼ 1%). This obser-

vation proves that the unusually short length of the

TMH of TatA plays an important role in the trans-

location process.
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aggregation, or even reorientation (52,58,65,72,73,78,91–
94). Therefore, we examined the membrane alignment of
the unusually short TMH of TatA in model membranes un-
der the influence of hydrophobic mismatch and spontaneous
bilayer curvature.

SRCD analysis confirmed that the a-helical secondary
structure of TatA2-45 and its variants is preserved irrespec-
tive of membrane thickness and spontaneous curvature
(see Figs. 1 and S3–S5). These data are in full agreement
with our previous CD studies that had revealed a predomi-
nately a-helical conformation of TatAd in different mem-
brane-mimicking environments (40). Our current findings
are also in full accordance with CD experiments on E. coli
TatA reconstituted in E. coli total membrane polar lipids
(39), and with liquid-state NMR studies of B. subtilis
TatAd and E. coli TatA reconstituted in DPC and C12E9 mi-
celles (33,34).

Using SROCD and solid-state 15N-NMR spectroscopy,
we demonstrated here that the membrane alignment of
TatAd is dramatically affected by hydrophobic mismatch
and spontaneous bilayer curvature. The TMH can change
its tilt angle and flip onto the membrane surface (where it
remains well ordered or assembles into aggregates/clusters)
depending on the bilayer thickness, spontaneous curvature,
and the TMH length (see Fig. 2–5). When the membrane
thickness is comparable with the hydrophobic length of
the helix, the TMH is aligned in an essentially upright trans-
membrane orientation, as expected. In thinner membranes,
the TMH is able to compensate the positive hydrophobic
mismatch by increasing the tilt angle to prevent exposure
of the hydrophobic side chains to the aqueous environment,
as expected. However, aggregation/clustering is observed in
membranes that are too thick, because the short TMH can no
longer span the lipid bilayer, as neither the polar N-terminus
(which is most likely charged under our NMR and OCD
conditions) nor the APH can be pulled any deeper into
the hydrophobic environment without energetic penalty.
Our complementary SROCD analysis showed that
TatA2-45 forms aggregates/cluster in straight-chain phos-
phocholine membranes under negative hydrophobic
mismatch, while maintaining its helical conformation
throughout. This observation brought up the idea that
TatA would be expelled from the hydrophobic membrane
core under such conditions, and as a result ends up in
the surface region of the lipid bilayer, where it has a
tendency to self-assemble with a lack of any orientation
preference. To demonstrate that the polarity and charge of
the N-terminus play a critical role in the observed expul-
sion/aggregation of TatA2-45 under negative hydrophobic
mismatch, we prepared TatA2-45 variants with additional
charges in the N-terminal region. We found that these pro-
teins started to aggregate already in relatively thin mem-
branes as the additional charges are even less compatible
with a hydrophobic environment. Thus, we suggest that
the protonation state of the N-terminus in TatA can control
the balance between its transmembrane alignment and a
Biophysical Journal 122, 2125–2146, June 6, 2023 2137



Stockwald et al.
surface-bound form (which tends to aggregate). This
balance would be critical under conditions where the hydro-
phobic bilayer core is just about thick enough to accommo-
date the N-terminus in the deprotonated state but not in the
protonated state. To observe this balance and avoid any ag-
gregation near the membrane surface, we used branched-
chain phytanoyl lipids with a highly negative spontaneous
curvature. Our experimental data clearly show that the
TMH of TatA gets flipped parallel to the membrane surface
in a stable manner, such that the entire protein is accommo-
dated near the loosely packed headgroup region of the phy-
tanoyl lipids. MC simulations demonstrate that—in a
membrane model of appropriate thickness—simple proton-
ation of the TatA N-terminus is sufficient to flip the formerly
inserted TMH out of its transmembrane state and into a
surface-alignment just below the headgroup region.

The flipping of the TMH, yielding a horizontal surface-
aligned orientation of the entire TatA protein would be
expected to change the angle between the TMH and APH.
If there exists a flexible hinge, then the TMH could swing
straight out of the membrane core (see Fig. 8 A). In the
case of rigid connection between the TMH and the APH,
on the other hand, this would require a rotation of the entire
protein (see Fig. 8 B). To date, it is not unambiguously
known from the literature whether the ‘‘hinge region’’ is
flexible or not. We had previously suggested that, for
TatA2-45, the short TMH pulls the connected end of the
APH quite deeply into DMPC/DMPG bicelles, due to nega-
tive hydrophobic mismatch (32). The APH was found to be
considerably tilted and at the same time its amphiphilic face
was rotated at an unexpected and seemingly unfavorable
azimuthal angle, which might imply that the hinge is rather
rigid. However, we also have to consider that the connection
between TMH and APH is very short (see Table 1); there-
fore, even a flexible hinge would lead to a similar scenario:
FIGURE 8 Possible flipping mechanism of the TatATMH. Cartoon rep-

resentation of TatA2-45 with its membrane-spanning TMH (yellow) and its

surface-bound APH (blue-yellow). (A) In the case of a flexible hinge, the

TatATMH could swing out of the membrane core. (B) In the case of a rigid

linker region, the TatA TMH has to rotate out of the membrane core (view

from the cytoplasmic leaflet). To see this figure in color, go online.
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a pulling of the APH into the membrane. Our present MC
simulations of TatA1-45 indicate that the TMH can indeed
swing out of the membrane core such that the entire mole-
cule can stretch out more or less straight (see Fig. 6). Taken
together, from these results and the unexpected azimuthal
rotation angle of the APH from our previous study, it seems
that the hinge can bend and straighten, although is probably
limited in its flexibility to twist. We may at least conclude
that it does not impose a rigid L-shape structure on the
folded TatA protein.

Still, we have to consider how a TMH, when flipped
parallel to the membrane surface, deals with the energeti-
cally unfavorable situation that hydrophobic side chains
are exposed toward a more hydrophilic surrounding. In the
MC simulations above, the flipped TMH is seen to adopt a
banana-shaped structure. This is indeed plausible, as the po-
lar N-terminal region (including the charged N-terminus)
and the hinge region to the amphiphilic helix are drawn to-
ward the hydrophilic environment, while the 12 hydropho-
bic residues of the TMH prefer the hydrophobic interior
of the membrane. Remarkably, a very recent preprint (95)
highlights the role of an N-terminal 4-residue motif directly
in front of the 12 hydrophobic amino acids in all TatA pro-
teins, which had not been noticed before, because the exact
sequence differs between different species. This N-terminal
motif possesses a ‘‘local amphipathic topology’’ and might
introduce a ‘‘temporary hinge’’ at the extreme end of the
N-terminus. So far, the role of this N-terminal motif is not
clear, but, based on our results, it would help the flipped
TatATMH to be accommodated near the membrane surface.
This may stabilize the partial immersion of those 12 hydro-
phobic residues near the hydrophobic membrane interior,
while the more polar residues at the extreme N-terminal
part point favorably into the hydrophilic environment.
Furthermore, the conformation derived from our MD
simulation suggests that additional stabilization is achieved
by p-p stacking (86) and/or hydrophobic interactions
between three Phe residues, which are positioned at the
beginning, middle, and end of the TMH sequence of
TatAd from B. subtilis (see Video S1). Only Phe21 at the
end of the TMH is highly conserved in all TatA proteins
(see Fig. S1); however, nonetheless, they all seem to possess
at least one further aromatic residue in the N-terminal part
of the TMH, which would probably also allow this kind of
interaction. Notably, as Phe and other aromatic residues
are most abundant at the edges of transmembrane segments
as ‘‘anchoring’’ residues, they may conceivably also help to
stabilize the TMH of TatA in the amphiphilic interphase
when it has flipped to its surface-aligned state.

Our comprehensive structural analysis clearly shows that
the TMH of TatA can flip out of the membrane core when it
is triggered by negative hydrophobic mismatch, negative
spontaneous bilayer curvature, or N-terminal TatA proton-
ation. Such flipping of a hydrophobic transmembrane helix
is obviously a rather unusual and unexpected behavior. Only
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very few studies have reported so far that transmembrane
helices can flip onto the membrane surface, based on hydro-
phobic mismatch, moderate hydrophobicity, pH shifts, or
lipid headgroup charge (93,94,96–101). For example, a sur-
face-aligned orientation of a 19-residue artificial TMH has
been observed as a result of hydrophobic mismatch by fluo-
rescence studies (102). Another example is the so-called
pHLIP peptide (pH low insertion peptide), which folds
and inserts into the membrane triggered by the pH value
(103–108), although in this case a His-rich amphiphilic
helix is being converted into a hydrophobic segment. Yet,
it is conceivable that the flipping of genuinely hydrophobic
helices has been underestimated so far, simply because this
behavior is unexpected by the linguistic implication of a
‘‘TRANSmembrane’’ segment. In fact, helix flipping has
been hypothesized to play an important role in the func-
tional mechanism of several known membrane proteins.
For example, in the lytic cycle of bacteriophages, pinholin
S2168 is supposed to be activated by a spontaneous flip
response of its first TMH into the periplasm, allowing the
assembly of small pinholes in the inner bacterial membrane.
The resulting membrane depolarization then causes
the TMH of yet another protein, the SAR-endolysin, to
flip out of the membrane, which releases and activates the
endolysin to degrade the cell wall (109–115). Furthermore,
a flipping has been postulated for the protein 3A of the polio
virus, which plays a role in its replication cycle (116).
Lactose permease LacY, too, showed a flipped transmem-
brane segment upon changing its lipid environment (117).
As discussed before, such flipping of a helical segment
can be based on several structural properties of the helix,
like moderate hydrophobicity or conformational flexibility.
In the case of TatA, the short length of the TMH seems to
be the crucial factor for its ability to flip, which can be
also seen from the fact that variants with an extended
TMH no longer flipped in phytanoyl lipids (see Fig. 5). In
addition, the immediate proximity of the N-terminal amphi-
philic motif and the near-neutral pKa of the N-terminus
itself will assist to stabilize TatA in a flipped state when
protonated.

To find out whether the short length of the TatA TMH is
indeed necessary for successful translocation, we also
performed an in vitro translocation assay on TatA variants
with an elongated TMH (see Fig. 7). This way it was
possible to prove that the unusually short length of the
TMH is crucial for successful translocation of the natural
E. coli Tat substrate AmiC into INVs. This finding is in
perfect accordance with the fact that Providencia stuartii
possesses a TatA protein with an extended TMH and can
become activated only by cleavage of this N-terminal exten-
sion (118–120). Remarkably, two recent publications also
investigated the role of the unusual short TMH for success-
ful translocation, and their results are in perfect accordance
with our study (53,54). These studies proved that the unusu-
ally short TatA TMH length is optimized for successful
translocation, because increasing as well as reducing the
TMH length leads to reduced transport activities in
in vitro and in vivo assays. The TatATMH length thus seems
to be optimized for stable membrane insertion (presumably
in its deprotonated state) and prevention of uncontrolled
membrane destabilization/leakage on the one hand, while
on the other hand it experiences sufficient negative hydro-
phobic mismatch in bacterial membranes to engage in the
translocation process actively by flipping to the bilayer
surface.

As an alternative interpretation, the reduced translocation
activity which we and others have observed with increasing
TMH length might be attributed to an inadequate alignment
of the altered TatA TMH due to hydrophobic mismatch,
which might hinder its interaction with TatC in the translo-
cation cycle. However, our structural data show that the tilt
angle of the extended TMH of TatA LAL is essentially the
same as for the wild-type (see Fig. 3), whereas the translo-
cation activity of this variant (and also the TatA LALA
variant) is dramatically reduced (see Fig. 7). Furthermore,
it has been recently shown that TatA variants with an
increased TMH length possess a dominant negative effect
when overexpressed in the presence of wild-type TatA,
which proves that it can displace TatA wild-type from the
TatA binding site on TatC (54). Therefore, we attribute the
reduced translocation activity to the observed tighter hydro-
phobic anchoring of the variants with an elongated TMH
(see Fig. 5).

What functional significance such a flipping TMH might
have in the translocation process and how such a rearrange-
ment of the TMH might be triggered in vivo is an intriguing
question. TatA has been suggested to be involved in target-
ing of the cargo protein to the membrane and/or to the trans-
locase, given that TatA has been found to exist also in a
cytoplasmic soluble state (28,121–128). Therefore, a revers-
ible integration of the short TMH into the membrane would
seem feasible in the light of our findings. Compared with the
surface-bound flipped state described here in our NMR and
CD samples (which do not possess any excess hydration), an
entirely free form of TatA without any membrane contact
would certainly require an assembly of several molecules
to compensate for the large hydrophobic surface that would
otherwise be exposed to water. In that case it may well be
feasible that the TMH interacts first with other TMH seg-
ments before binding the cargo protein, then the complex
docks onto the membrane in a surface-bound state, before
finally being inserted all the way across the membrane
upon deprotonation of the N-terminus. As we have shown
that an elongation of the TMH by only three residues abol-
ishes the expulsion from a membrane nearly completely, it
seems that the TatA TMH has the perfect length for a—
possibly reversible—integration into the native bacterial
membrane. TatA proteins from other species have similarly
short helices, so this characteristic feature is evolutionarily
conserved (see Fig. S1 and (53,54)).
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FIGURE 9 Speculative model of TatA TMH flipping triggered by TatC.

Cartoon representation of TatA2-45 with its hydrophobic TMH (yellow)

and its amphiphilic APH (blue-yellow). At the start, the TMH of TatA is in-

serted in an upright transmembrane state, with both the unprotonated

N-terminus and the APH immersed sufficiently deep into the membrane

core to just about tolerate the hydrophobic mismatch (left panel). Interac-

tion of TatA with its binding site on TatC (indicated by the squiggly line)

leads to protonation of the N-terminus (indicated by red dots). The

increased polarity leads to stronger hydrophobic mismatch (indicated by

red flashes) either at the extracellular face (upper panel) or on the cytoplas-

tic face (lower panel) or both. This strain results in flipping of the proton-

ated TMH toward the cytoplasmic membrane surface (right panel), leading

to local membrane weakening and/or permeation, especially if several TatA

molecules participate. To see this figure in color, go online.
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Besides a possible role in the recruitment of cargo to the
membrane, it is interesting to speculate whether the TMH
might be involved in any important step during the translo-
cation process. The considerable structural rearrangement
induced by the flip could, for example, trigger the formation
of a pore or a membrane defect. The short TMH of TatA has
been suggested to play an active role in the translocation
process (34,48,53,54), because it induces negative hydro-
phobic mismatch that would destabilize the membrane.
Based on this membrane-weakening model, the N-terminal
part of the APH gets pulled quite deeply inside the mem-
brane to compensate for the negative hydrophobic mismatch
in the inactive state, as suggested from our previous solid-
state NMR analysis (32). An interaction with TatBC or bind-
ing of the cargo protein leads then to a rearrangement of
the APH toward the membrane surface, which pulls the
polar N-terminus of the TMH inside the membrane, leading
to membrane thinning and destabilization due to the pro-
nounced negative hydrophobic mismatch. Interestingly,
the groups of Br€user and Theg (48,53,54) could furthermore
show that the short TatA TMH alone can destabilize mem-
branes and induce proton leakage in vitro, and strikingly
this behavior was based only on its shortness, irrespective
of the actual TMH sequence. Our work supports the con-
cepts of the recent studies, and our results are in full agree-
ment with the findings (48,53,54). In addition, our concept
of a flipping TMH and its first experimental demonstration
under negative hydrophobic mismatch conditions can
explain the observed destabilization of the membrane.

Furthermore, we have shown here that the charge of the
N-terminus plays a critical role in the observed flipping of
the TMH. It is well known that Tat-dependent transport is
driven by the proton-motive force across the membrane.
Therefore, we suggest that protonation of the N-terminus
could actually drive the flipping and thereby equilibrate
the proton gradient across the membrane in an active
manner. This concept would explain the proton leakage
observed by Hou et al. upon adding merely the TMH to
membranes (48). A pH-driven rearrangement of the TMH
during the translocation process would also provide an
explanation for the puzzling topology of the TatA
N-terminus, which has been suggested in early reports to
face the inside of the cell (44), whereas it is now generally
agreed that it faces toward the outside (129). According to
our model, both observations should be possible, depending
on the state of the translocation cycle.
CONCLUSIONS

Combining all these results, we speculate that Tat-depen-
dent translocation in B. subtilis involves the following stages
illustrated in Fig. 9 (after the cargo has been recruited,
which also needs to be attached to TatC). In an inactive start-
ing state, the TatATMH is stably inserted upright across the
membrane (i.e., as a genuine transmembrane helix), keeping
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both the deprotonated N-terminus and the APH quite deeply
immersed, just about tolerating the hydrophobic mismatch
(32,34,48,53). Due to the known interaction of TatA with
the surface of TatC, the TMH and/or the APH could be
pulled more deeply inside the membrane (34,48,53). The re-
sulting hydrophobic mismatch would be even more pro-
nounced if the TMH gets protonated at the extracellular
membrane surface in the course of its interaction with
TatC. The postulated binding site of TatA to TatC has
been sketched in Fig. 9 according to the crystal structure
of TaC, where the docking of TatA (and the homologous
TatB protein) to TatC has been described (31,35,36). The
exact depth at which TatA binds to TatC, relative to the lipid
membrane, however, would still need to be modeled more
carefully with regard to our present model. Nonetheless,
either scenario (upper or lower panel in Fig. 9, or anything
in between) leads to enhanced hydrophobic mismatch,
which should result in a flipping of the TMH toward the
cytoplasmic face of the membrane. If the N-terminus is pro-
tonated in this step, the direction of this inward flip will be
naturally promoted by the proton motive force. Altogether,
such sequence of events may cause enough membrane
destabilization to initiate translocation at the TatC interface
(5,31,48,53). It may well be a cumulative process involving
several TMH segments, since TatA is known to be present
in the membrane in a preassembled oligomeric state
(14,24,26–28,53). The detailed structure and functional
mechanism of such a membrane-weakening TatA cluster
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still need to be determined. It is conceivable that a toroidal
pore is formed due to the TatA-induced membrane thinning/
damage, as proposed by the group of Theg et al. (54), or a
that a row of TatA molecules permit the passage of the cargo
protein as proposed by Br€user and co-workers (53). In any
of these scenarios, a flipping of the protonated TMH could
be the final step of membrane destabilization.
MATERIALS AND METHODS

TatA constructs

All structural investigations were carried out with a C-terminally truncated

TatA2-45 construct and several variants thereof (for sequences, see Table 1).

The mutations were introduced into the plasmid pET28 TatA1-45 (40),

which contains the wild-type TatA1-45 sequence with an N-terminal His6-

tag to facilitate purification (yielding the construct TatA2-45 after BrCN

cleavage of the His6-tag). For the in vitro translocation assay, the E. coli

TatA variants with an extended TMH were produced based on the plasmid

pET22b þ TatABCD (¼ p8737), which allows the overexpression of TatA,

TatB, TatC, and TatD in E. coli BL21 (DE3) strains (130). All mutagenesis

was performed using the QuikChange Site-Directed Mutagenesis Kit

(Stratagene/Agilent Technologies, Waldbronn, Germany) according to the

protocol of the manufacturer. Oligonucleotide primers were purchased

from Eurofins (Ebersberg, Germany), and the DNA sequence of each

mutant was verified by sequencing (GATC Biotech, Konstanz, Germany).

The template plasmids and primers can be found in Table S1 of the support-

ing material.
Expression and purification of TatA2-45

constructs

The TatA2-45 constructs were expressed (both unlabeled for CD spectros-

copy and uniform 15N-labeled for NMR spectroscopy) and purified as

described previously (32,40,41). The identity and purity of the constructs

were checked by MALDI-TOF mass spectrometry (Autoflex III, Bruker,

Billerica, MA) and SDS-PAGE (Mini-PROTEAN Tetra Cell, Bio-Rad Lab-

oratories, Munich, Germany).
Lipids

For reconstitution of the protein the phosphatidylcholine lipids shown in

Table 2 were used, namely the saturated lipids DOcPC, DDPC, DLPC,

and DMPC, and the unsaturated lipids DOPC, DEiPC, DErPC, and

DNPC. In addition, the branched phytanoyl lipids DPhPC and DPhPE

were used. All lipids were purchased from Avanti Polar Lipids (Alabaster,

AL).
SRCD and SROCD spectroscopy

SRCD and SROCD sample preparation was performed as basically

described previously (40). For SRCD samples, TatA2-45 and its variants

were reconstituted in small unilamellar vesicles (SUVs) made of the lipids

shown in Table 2 with a protein-to-lipid (P/L) ratio of 1:50 (mol/mol). Pu-

rified protein and lipid powder were codissolved in HFIP and sonicated for

at least 5 min to get a clear solution. Subsequently, the organic solvent was

removed by a gentle stream of nitrogen and the sample was stored under

reduced pressure overnight. The dry protein-lipid film was rehydrated by

addition of 25 mL water and sonication. Then, several freeze-thaw cycles

(40�C for 10 min and �196�C for 10 min) were performed, followed by

sonication at maximal power to generate SUVs. The SUVs were kept above
their lipid phase transition temperature the whole time. Finally, a 4 mL

aliquot of the sample (containing 16 mg protein) was filled into a ‘‘Birk-

beck-type’’ demountable calcium fluoride cell (131) with an optical path-

length of 12.2 mm.

For SROCD samples, the TatA2-45 constructs were reconstituted in

macroscopically aligned lipid bilayers made of the lipids shown in Table 2

with a P/L ratio of 1:50 (mol/mol). Purified protein and lipid powder were

codissolved in HFIP. Subsequently, an aliquot (containing 50–150 mg lipid)

was deposited onto a 20 mm diameter quartz glass plate with a 12 mm spot

diameter, and allowed to dry in a gentle stream of air until the sample ap-

peared dry. The plate was kept under vacuum for 2 h to remove residual

organic solvent. Then the sample was hydrated overnight at 30�C and

97% relative humidity using saturated potassium sulfate (K2SO4) solution.

During hydration the lipids spontaneously align as multilamellar bilayers

parallel to the quartz glass plate surface. Finally, the oriented sample was

assembled perpendicular to the incident light beam in the SROCDmeasure-

ment cell.

SRCD and SROCD measurements were performed on the UV-CD12

beamline at ANKA. The beamline components and its experimental equip-

ment have been described in detail by Clarke and Jones (132) as well as

B€urck et al. (61). SRCD spectra were recorded at 35�C and SROCD spectra

at 30�C. The temperature of the SRCD measurements was controlled by

Peltier elements, whereas the SROCD measurements were controlled by

a water thermostat. SRCD spectra were recorded between 260 and

180 nm with a scan rate of 20 nm per min at 0.5 nm intervals. Three repeat

scans were averaged for each sample, using a 1 nm bandwidth, a 300 ms

lock-in time, and a 1500 ms dwell time. SROCD spectra were recorded

every 45� of cell rotation from 260 to 180 nm to reduce possible spectral

artifacts caused by the linear dichroism arising from imperfections in the

sample, strain in the quartz glass windows, or imperfect alignment of the

windows. The resulting eight spectra were measured at 0.5 nm wavelength

steps and 1500 ms dwell time. All eight spectra were subsequently aver-

aged. For baseline correction of the SROCD and SRCD measurements a

protein-free lipid sample was measured under the same conditions and sub-

tracted from the protein spectrum.

No mean residue ellipticity values were calculated, because the protein

concentration of the samples could not be determined with the necessary

accuracy by standard colorimetric assays. UV concentration determination

at 280 nm could not be performed because TatA2-45 possesses no UV-

absorbing tryptophan or tyrosine residues. Postprocessing and smoothing

of SRCD raw data was performed with the CDtool software package

(133), and the final corrected spectra were compared with a basic set of

CD spectra of pure secondary structural elements (134). The global minima

of the SROCD spectra were scaled to the same intensity and the SRCD

spectra in Figs. S3–S5 were normalized at 223 nm to allow direct compar-

ison of the line shapes.
Solid-state NMR spectroscopy

For solid-state NMR samples, the TatA2-45 variants were reconstituted in

macroscopically aligned lipid bilayers with a P/L ratio of 1:75 (mol/mol).

Purified protein and lipid powder were codissolved in HFIP and sonicated

for at least 5 min to get a clear solution (containing 18.9 mg lipid).

Subsequently, the solution was evenly spotted onto 20 glass plates

(7.5� 12� 0.06 mm3; Marienfeld, Germany) and allowed to dry in a gentle

stream of air until the sample appeared dry. Then the glass plates were kept

under vacuum overnight to remove residual organic solvent. Afterward, the

glass plates were stacked and hydrated overnight at 48�C and 97% relative

humidity using a saturated K2SO4 solution. Finally, the glass plate stack

was wrapped into parafilm and polyethylene foil to avoid drying-out during

the NMR measurement.

1D solid-state NMR experiments were performed on an Avance III spec-

trometer (Bruker) equipped with a wide-bore 500 MHz magnet. The spectra

were acquired using a double-tuned 1H/15N-probe with a low-E flat-coil

resonator or a triple-tuned 1H/X/Y-probe (Bruker). The quality of the lipid
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alignment was checked by 31P-NMR experiments before and after each
15N-NMR measurement. The membrane alignment of the proteins was

determined by 1D 15N-NMR experiments. The temperature was set to

35�C to stay above the lipid phase transition temperature of all used lipids,

with the exception of the DPhPC/DPhPE containing samples that were

measured at 22�C to avoid drying-out which would enhance the risk of a

hexagonal lipid phase transition (85). All spectra were recorded with

cross-polarization using a CPMOIST pulse sequence (135) to compensate

radio frequency power mismatches or with the RAMP-CP pulse sequence

(136) (80% ramp) to increase meeting the Hartmann-Hahn match condi-

tions. Heteronuclear 1H-decoupling was achieved during acquisition

using an SPINAL-16 composite pulse sequence (137,138) with a field

strength of 30 kHz. A cross-polarization contact time of 1 ms was used

and a recycle delay of 6–8 s to avoid sample heating. The 1H-carrier fre-

quency was set to 9 ppm and the 15N-carrier frequency to 110 ppm. 15N-

chemical shift frequencies were referenced to solid ammonium sulfate

(26.8 ppm), and 1H-chemical shift frequencies were referenced to H2O

(4.7 ppm at 42�C). Data were processed and displayed using the software

TOPSPIN (Bruker).
MC simulations

In the all-atom MC simulations we parameterized the protein fragment

TatA1-45 in the AMBER99SB-ILDN* force field (139) using the

SIMONA framework (140). The APH was placed on the membrane surface

and the TMH inserted into the membrane with a deprotonated or protonated

N-terminus, respectively. The implicit membrane model used here (141)

combines advantages of two established implicit membrane models

(142,143) that are based on the generalized Born formalism (144) with

an efficient and accurate generalized Born implementation for aqueous

solutions (145). The membrane is modeled using a dielectric slab (143) rep-

resenting the hydrophobic core (42 Å thickness with relative dielectric con-

stant εcore ¼ 2), the more polar headgroup regions (4 Å thickness with

relative dielectric constant of εhead ¼ 6), and the surrounding water

(εwater ¼ 80). We chose εprotein ¼ 2, the same value as for the membrane

core region. The free energy change of transferring a charged atom from

water into the membrane is approximated by computing the transfer be-

tween the different slabs separately, as given by

DGðwater4 membraneÞzDGðwater4 headgroupÞ
þ DGðheadgroup4 coreÞ:

This model also accounts accurately for the orientation of nonpolar pro-

tein regions with respect to the membrane by using the method proposed in

Spassov et al. (142), incorporating a dielectric slab into the Born radii of the

generalized Born model. Additional nonpolar contributions are modeled by

a solvent-accessible surface area term that is scaled depending on the posi-

tion inside the membrane (143).

MC simulations were performed at 300 K in 20 independent simulations

per system, totalling 200 million steps. The forces and energy calculations

were implemented as described previously (141). In each MC step either

one dihedral angle (backbone or side chain) or a sequence of adjacent back-

bone angles was changed, or a translation or rotation of an entire molecule

was performed. These movements were drawn from Gaussian distributions

with standard deviations of 20� for backbone and side-chain angles, 5� for
rotation, and 1.4 Å for translation.
In vitro translocation assay

The in vitro translocation assay was performed as described by Moser et al.

(87). In brief, inverted membrane vesicles were prepared from a TatABCD

overproducing E. coli strain (E. coli BL21 [DE3] DTat [kindly provided by

B. Ize and T. Palmer] complemented with the respective plasmid pET22b þ
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TatABCD). The naturalE. coliTat substrate AmiCwas synthesized and radio-

actively labeled via in vitro transcription/translation. The INVs were added

10 min after starting the synthesis reaction of AmiC, and incubated for

25 min at 37�C. For assaying the translocation of the substrate into the

INVs, one part of each reaction was treated directly with 10% (w/v) trichloro-

acetic acid to precipitate the protein, and the other part was treated with PK at

25�C for 20 min before trichloroacetic acid precipitation. The precipitated

protein was pelleted by centrifugation and analyzed using SDS-PAGE and

phosphor imaging. The presence of TatA, TatB, and TatC in the prepared

INVs was checked using a Western blot with the corresponding antibodies,

as described in Bl€ummel et al. (146).

SUPPORTING MATERIAL

Supporting material can be found online at https://doi.org/10.1016/j.bpj.

2022.12.016.
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