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ABSTRACT: Proteins bearing a signal peptide with a consensus twin-arginine motif are translocated via
the Tat pathway, a multiprotein system consisting minimally of the integral inner membrane proteins
TatA, TatB, and TatC. On a molar basis, TatA is the major pathway component. Here we show that TatA
can be purified independently of the other Tat proteins as a 460 kDa homooligomeric complex.
Homooligomer formation requires the amino-terminal membrane-anchoring domain of TatA. According

to circular dichroism spectroscopy, approximately half of the TatA polypeptide forimsical secondary
structure in both detergent solution and proteoliposomes. An expressed construct without the transmembrane
segment is largely unstructured in agueous solution but is able to insert into phospholipid monolayers
and interacts with membrane bilayers. Protease accessibility experiments indicate that the extramembranous
region of TatA is located at the cytoplasmic face of the cell membrane.

The majority of bacterial periplasmic proteins are exported achieved without rendering the membrane freely permeable
across the cytoplasmic membrane by the Sec pathday ( to protons or other ions.
2). However, a subset of periplasmic proteins, including  In Escherichia colithe integral membrane proteins TatA,
many that bind redox-active cofactors, are translocated by aTatB, TatC, and TatE have been shown to be components
distinct Sec-independent mechanism. Such proteins areof the Tat pathwayd{—12). All except TatC are sequence-
synthesized with N-terminal signal sequences containing arelated proteins. Genetic experiments have shown TatA and
consensus S-R-R-x-F-L-K motif in which the arginine TatE to have overlapping functions on the Tat pathway, while

residues are (almost) invariar)( These “twin-arginine” TatB is an essential Tat component with a distinct role in
signal peptides target the precursor protein to the Tat (twin- protein export 8, 9). Expression studies suggest thatE
arginine translocation) protein export systefng) which is may be a cryptic gene duplication t#ftA (13).
mechanistically and structurally related to thgH-dependent TatA is present at an approximately 20-fold molar excess

thylakoid import pathway of chloroplast6)( Translocation over the other essential Tat components, TatB and THIC (
by the Sec system occurs by a threading mechanism in which13). Chemical cross-linking studies have shown that TatA
the substrate must adopt an extended conformation. Informs at least tetrameric homooligomers in the cytoplasmic
contrast, the Tat system functions to transport folded proteinsmembrane12), while purification experiments suggest that
across the cytoplasmic membrane, a feat that must beTatA associates with TatB and TatC in at least two types of
large (approximately 600 kDa) macromolecular complexes
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supplemented with appropriate antibiotic8).( Plasmid Purification of ATMSTatA The soluble fraction from cells
pFAT584 (12) was used for the overproduction of TatA with  overexpressingA\TMS-TatA was applied to a Ri-loaded

a carboxy-terminal hexahistidine tag, and plasmid pFAT587 5 mL HiTrap Chelating HP column (Amersham-Pharmacia
(12) was used for the overproduction of a variant TatA Biotech) equilibrated in 10 mM Tris-HCI (pH 7.5) containing
protein (designated\TMS-TatA) in which the predicted 20 mM imidazole. The column was then washed with 25
amino-terminal transmembrane helix is replaced with a mL of 10 mM Tris-HCI (pH 7.5) and 20 mM imidazole,
hexabhistidine sequence. Each plasmid was individually and bound proteins were eluted in a further 20 mL of buffer
transformed intoE. coli strain C43(DE3) 17) harboring containing a linear gradient of imidazole to a final concentra-
pREP4 (Kafi, lacl™, Roche Molecular Biochemicals) and tion of 750 mM. Fractions containing the purified protein
cultured to midexponential phase. Expression of the recom-were identified by SDSPAGE. The yield of purified

binant protein was induced by isopropyl 1-thfes-galac- ATMS-TatA was 2.5 mg of protein from each liter of
topyranoside (IPTG) at a final concentration of 2 mM. After bacterial cell culture.
3 h, cells were harvested by centrifugation (7§@6r 20 Analytical Ultracentrifugation All experiments were car-

min) and resuspended in 20 mM MOPS (pH 7.2) and 200 ried out in a Beckman Optima XL-A analytical ultracentri-
mM NacCl (buffer A) supplemented with DNase | and fuge equipped with absorbance optics using an An60Ti rotor.
lysozyme. Cells were disrupted by being passed twice Sedimentation equilibrium experiments were performed at
through a French pressure cell at 5000 psi in the same buffer5000—-7000 rpm for TatA or 3000635000 rpm forATMS-
supplemented with protease inhibitors (Complete, Roche TatA. Data were collected at 280 (TatA) or 238 nATMS-
Molecular Biochemicals). Crude soluble and membrane TatA) in step scan mode using a separation of 0.001 cm.
fractions were obtained by differential centrifugation as Five readings were averaged for each scan, and a baseline
described previouslysj. scan was taken at 360 nm to correct for optical imperfections.

For the protease accessibility experiments, strain MC4100 Readings were taken & h intervals until no difference could
(18) harboring pREP4 was used as the wild-type strain while P& detected between consecutive scans. The equilibrium
cells containing in addition plasmid pFAT584 or pFAT75 distributions fr.om three different loading concentrauorys and
(11) were used to overexpress TatA or TatABCDE, respec- UP t0 three different rotor speeds were analyzed simulta-
tively. Strain BL21(DE3) containing pET21d-Lep was used neously using the Nonlin curve algorithm supplied with the

for expression of leader peptidase. Spheroplasts were precentiifuge 0). Data were also analyzed by calculation of
pared by resuspending the cell pellet in 2.5 mL of 33 mM the apparent weight-average molecular mass at concentrations

Tris-HCI (pH 8.0), 40% sucrose, and 5 mM JEDTA (0.1 throughout the sample cells. The partial specific volumes of
mg/mL). Cells wére incubated étac for 30 min and then  the proteins were calculated from the amino acid composition
harvested at 70@Dfor 15 min. The resulting spheroplast using t_he met'h'od' of Cohn.and EdsaﬁlI.. For the §¢d|-
pellet was resuspended in 1 mL of ice-cold 33 mM Tris- mentation equilibrium gxpenmer_ﬂs involving £e-purified

HCI (pH 8.0) and 40% sucrose. Inverted inner membrane TatA, the solvent density was adjustec_i to that of the detergent
vesicles (IMVs} were prepared by sucrose density gradient by adding 57% (v/V) H) (22), and a figure of 1.059 g/mL
centrifugation as previously describet®). Wegirlcjj(le:r Eilaﬁﬁig;n(sgé)ogigct(rzo?géopy:D spectra were

L . Wi

ceﬁsncl;l\(/:g::aoxnpgsz?rfg TFZ?ACrlfjriemm;i:sbrTrﬁgepf[r:f'lt'lsogfsvrgs recorded on an Aviv 62ds spectropolarimeter equipped with

i . . : a variable-position detector for use with scattering samples.
solubilized at a final protein concentration of 5 mg/mL for 114 spectra reported have been obtained with a maximum
1 h at 4 °C in buffer A containing 1% (wl/v, final

) acceptance angle of 90All spectra were collected over a
concentration) nonapolyoxyethylene dodecyl etherKg, wavelength range from 190 to 300 nm using a step size of
Sigma). Insoluble material was removed by centrifugation

: 0.2 nm. A Supracil 0.01 cm optical path length cell (Hellma
at 15000@ for 30 min, and the cleared supernatant was | 14 ) was used. Spectra that were obtained were the result
applied to a Nit-loaded 5 mL HiTrap Chelating HP column

oo - ) of averaging five scans for each preparation. Dynode voltages
(Amersham-Pharmacia Biotech) equilibrated in buffer A for the first and last scans of a set were checked for

containing 0.1% &Ey and 20 mM imidazole. The column  ¢qngistency to ensure that no significant variation occurred
was washed with 25 mL of buffer A containing 0.1%:E, during data collection. Equivalent numbers of scans of the
and 150 mM imidazole and then developed in 20 mL of the pageline samples were obtained, averaged, and subtracted
same buffer with a linear gradient of imidazole to a final fom the averaged sample spectra. Spectra were then
concentration of 750 mM. TatA-containing fractions were gmoothed using a Savitsky-Golay filte4). Data were
identified by SDS-PAGE, pooled, and concentrated by analyzed using DICHROWEB26). An Nrmsd parameter
ultrafiltration using a YM3 membrane (Amicon). The 26), which is a measure of the goodness of fit, was
concentrated sample was applied to a Superdex 200 HR 10k cylated. Nrmsd values af0.1 are usually indicative of

30 gel permeation column (Amersham Pharmacia Biotech) 5 close correspondence between the calculated structure and
pre-equilibrated in buffer A containing 0.1%,%, and 1 the experimental dat27). The best fits were obtained using
mM EDTA and then developed in the same buffer. TatA- the program CDSSTR2) and reference set 7. However,
containing fractions were again identified by SBBAGE  gther programs and reference sets gave comparable fits and
analysis. The yield of purified TatA was 4 mg of protein 5|culated secondary structures.

from each liter of bacterial cell culture. Preparation of TatA-Containing Proteoliposomes 40
mg/mL solution of E. coli total membrane polar lipids

L Abbreviations: G,Es, nonapolyoxyethylene dodecyl ether; IMv, ~ (Avanti Polar Lipids) containing 1% (v/v) £ was mixed
inner membrane vesicle. with purified TatA to give a lipid:protein molar ratio of 100:
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Ficure 1: Predicted secondary structure elements oBhmli TatA protein. The prediction is that of the program PSIPRBD).(a-Helical
regions are represented as cylinders gratirands as arrows. It should be noted that only helicésanda-2 are predicted with a high level
of (>80%) confidence. The invariant glycine residue (Gly21) is boxed, while basic residues in the predicted amphipathic helix are underlined.

1. Detergent was removed by extensive dialysis against bufferbackground. Membranes from the overexpressing strain were
A across a membrane having a nominal molecular masssolubilized in the nonionic detergent nonapolyoxyethylene
cutoff of 6-8 kDa. Proteoliposomes were collected by dodecyl ether (GEy), and the recombinant TatA protein was
ultracentrifugation and washed two times in the same buffer. purified by successive Ki-affinity and gel permeation
Prior to use, the proteoliposomes were sonicated three timeshromatography steps (Figure 2). The identity of the purified
for 10 s on ice. Phospholipid vesicles for use in KiIEMS- protein was confirmed by immunoblotting (data not shown).
TatA binding experiments and for background subtraction Neither TatB nor TatC could be detected in the purified TatA
in the CD measurements were prepared from detergent-fractions by immunoblotting (data not shown). Indeed, an
solubilizedE. coli polar lipids in an analogous manner. identical (but lower-yield) preparation of TatA could be
Monolayer ExperimentsThe monolayer surface pressure purified by the same methodology following expression of
was measured by the platinum Wilhelmy plate methzg),( TatA in the completely Tat-deficient strain DADE (MC4100
using a Cahn 2000 microbalance. The subphase was continuAtatABCDAtatE) (34).
ously stirred with a magnetic bar. PurifiddrMS-TatA (30 Purified TatA was eluted as a single peak from the gel
ug for each measurement) was added to the subphase througpermeation column at a position in the chromatograph
a hole in the edge of the dish. The pressure changes wereorresponding to an apparent molecular mass of 320 kDa
followed until the surface pressure increase had reached gFigure 2B). Since the molecular mass of a histidine-tagged
maximal value, usually within 30 min. The monomolecular TatA protomer is 10 730 Da, the purified TatA protein is a
lipid layers were spread from a chloroform solution to give  homooligomeric complex. To obtain a more accurate estimate
an initial surface pressure between 20 and 42 mN/m. A of the molecular mass of the TatA complex, the purified TatA
subphase buffer of 10 mM Tris-HCI (pH 7.5) was used at a protein was subject to analytical ultracentrifugation. TatA
temperature of 28 1 °C. The buffer used for the monolayer sedimented as a single major species in sedimentation
experiments was filtered through a 22n pore filter and  velocity experiments (not shown). Sedimentation equilibrium
degassed prior to use. The Teflon dish had a volume of 5 analysis of two independent preparations of TatA gave a

mL and a surface area of 8.81 &m _ weight-average molecular mass of 48020 kDa. These
General Analytical MethodsSDS-PAGE and immuno-  experiments were carried out under conditions in which the
blotting were carried out as described previousdg, 31), solvent and detergent densities were matched, thereby

and immunoreactive bands were visualized with the ECL eliminating the contribution of bound detergent to the
detection system (Amersham Pharmacia Biotech). Immu- gbserved TatA molecular mass. The hydrodynamic data
noaffinity-purified anti-TatA antibodies were prepared as therefore suggest that each TatA complex contains-43
described previouslyl(l). Antibody directed against leader TatA protomers. A plot of the apparent molecular mass
peptidase was a kind gift of J.-W. de Gier (University of against protein concentration in the ultracentrifuge cell shows

Stockholm, Stockholm, Sweden). that the molecular mass of the TatA complex is independent
of concentration over the range that was examined (Figure
RESULTS 3A).
Purification and the Oligomeric State of TatAhe TatA We found previously that deletion of the amino-terminal

protein of E. coli is an 89-amino acid membrane protein. amino acids of TatA corresponding to predicted transmem-
The secondary structural elements of this protein were brane helixa-1 changed the localization of TatA from the
predicted (Figure 1) using the program PSIPRBP) (TatA inner membrane to the cytoplash?j. To investigate the

is strongly predicted to contain a transmembrearieelix at effect of this deletion on the oligomeric state of the residual
the amino terminus (helix.-1) followed by a polypeptide  water-soluble domain, we undertook purification of this
segment containing a basic amphipathibelix (helix a-2). ATMS-TatA protein. A hexahistidine sequence was engi-
These predicted helical regions exhibit a high level of neered onto the amino terminus of the truncated protein to
sequence conservation between species. However, only allow purification of the protein by Ni-affinity chroma-
glycine residue between the predicted helices is invariant tography. The protein was purified to homogeneity from the
(4, 33) (Figure 1). The secondary structure for the poorly membrane-free soluble extract (Figure 4). The native mo-
conserved carboxy-terminal half of TatA is less reliably lecular mass of purified TMS-TatA was determined to be
predicted but suggests that this part of the molecule will 9.0 + 0.9 kDa by sedimentation equilibrium experiments.
contain additional helical elements. Since the mass of th&TMS-TatA polypeptide is 9142 Da,

To obtain insight into the structural properties and oligo- this indicates that the truncated TatA protein is a monomer.
meric state of TatA, we undertook purification of the TatA A plot of the apparent molecular mass versus protein
protein in detergent solution. A hexahistidine sequence wasconcentration in the centrifuge cell shows no indication of
engineered onto the carboxy terminus of TatA and the self-association in the concentration range that was analyzed
resulting tagged protein overproduced in a wild-tyjaé (Figure 3B). Taken together, these data indicate that predicted
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Ficure 3: Characterization of purified TatA andTMS-TatA
proteins by equilibrium ultracentrifugation. Experiments were
carried out at 20C. The TatA protein (A) was in 20 mM MOPS/
NaOH (pH 7.2), 200 mM NacCl, and 0.1% (w/v)4Ey supple-
mented with 57% (v/v) BO to match the detergent density. The
ATMS-TatA protein (B) was in 10 mM Tris-HCI (pH 7.5). The
apparent weight-average molecular mass at concentrations through-
out the sample cells is plotted. Each symbol represents a different
M, (kDa) | 1 | loading concentration. For TatA (A), these loading concentrations
443 200 150 66 were 0.27 ©), 0.54 ), and 1.08 mg/mL £). For ATMS-TatA
FiGURE 2: Affinity purification of TatA. (A) Analysis of the  (B), these loading concentrations were 033,(0.4 (), and 0.8
polypeptides present at various stages in the purification of TatA. Mg/mL (»). The solid line shows the weight-average molecular
Samples were separated by SEFAGE and proteins visualized =~ Mass determined for each protein.
by Coomassie brilliant blue staining. Each lane contains material
derived from the same initial mass of cells. Lanes 1 and 2 are cells by helical elements with peaks at 190, 208, and 224 nm.
of strain C43(DE3) carrying the plasmid pFATS84 either left  gecondary structure analysis of the spectrum indicated that

uninduced (F) or induced (F) with IPTG for TatA overexpres- o . . .
sion. Lanes 36 show further processing of the cells in lane 2. It 1S comprised of approximately 50%-helix and a low

Lane 3 is the total membrane fraction (TM); lane 4 contains the /-sheet content (Table 1). These proportions of secondary
membrane protein solubilized by the detergemtEs (SM), and structure are consistent with the sequence-based predictions
lanes 5 and 6 contain the proteins from the soluble extract that shown in Figure 1.

either were not retained (Ft) or bound to (Ni) the*Naffinity . .
column. The molecular masses in kilodaltons of standard proteins To determine the effect of a membrane environment on

are shown at the left side of the gel. (B) Characterization of TatA the secondary structure of TatA, proteoliposomes were
by gel permeation chromatography. Pooled TatA-containing frac- formed by the co-reconstitution of purified TatA with total

tions from the Ni*-affinity column were further purified by gel  E. coli polar lipids. The TatA CD spectrum in membrane
permeation chromatography on a Superdex-200 column. The 280y 1avers was similar to that of the protein in detergent solution

nm absorbance of the column eluant is plotted. Fractions across, . S . .
the peak of the elution profile were analyzed by SFRAGE, and  (Figuré 5A), and there are no significant differences in

the TatA protein was visualized by Coomassie brilliant blue staining. Seécondary structure in the two environments (Table 1). Thus,
The molecular masses in kilodaltons of water-soluble standard at least in terms of net secondary structure content, TatA

proteins are indicated. The standards were apoferritin (443 kDE'i), has a similar conformation in detergent solution and in a
p-amylase (200 kDa), alcohol dehydrogenase (150 kDa), and bovmephospholipid environment.

serum albumin (66 kDa). ) )

The CD spectrum oATMS-TatA (Figure 5B) is clearly
transmembrane helig-1 is required for stable TatA self very different from that of full-length TatA. Secondary
interactions. structure analysis suggests that 80% of the polypeptide is in

Secondary Structure of Tat&D spectroscopy was used an “other” conformation which is usually indicative of an
to analyze the secondary structure elements of the purifiedunfolded protein. The-helix content is less than 10%, rather
TatA complex (Figure 5A). The CD spectrum of TatA in than the 35% predicted by subtraction of an 18-amino acid
detergent solution has the appearance of a protein dominatedhelix from the CD-determined-helix content of full-length
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FiIGURE 4: Affinity purification of ATMS-TatA. Fractions during -30000 . . . .
the purification ofATMS-TatA were subjected to analysis by SBS 190 200 210 220 230 240
PAGE with proteins visualized by Coomassie brilliant blue staining.

Each lane contains material derived from the same initial mass of wavelength (nm)

cells. Lanes 1 and 2 are cells of strain C43(DE3) carrying the
plasmid pFAT587 either left uninduced ) or induced (F-) with B
IPTG for ATMS-TatA overexpression. Lanes-8 show further
processing of the cells in lane 2. Lane 3 is the membrane pellet 20000 -
(TM) and lane 4 the water-soluble supernatant (S) following cell
fractionation. Lanes 5 and 6 are the proteins from the soluble
supernatant that were either not retained (Ft) or bound (Ni) to the
Ni2*-affinity column. The molecular masses in kilodaltons of
standard proteins, together with the positions to which they
migrated, are shown to the side of the gel.
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TatA. These data suggest that formation of certaimelical

structures in TatA depends on the presence of the amino- -20000 -

terminal domain. Formation of these structures could be due

to direct interaction with the amino-terminal region of the -30000 . . . .

protein but could also be a consequence of the membrane 190 200 210 220 230 240

integration or oligomerization mediated by the predicted helix wavelength (nm)

a-1. FIGURE 5: CD spectra of TatA andTMS-TatA. All spectra were
Lipid Interactions of ATMS-TatA.The possibility that recorded at 20C. (A) CD spectra of purified TatA at 0.65 mg/mL

ATMS-TatA can interact dynamically with a membrane was in 20 MM MOPS (pH 7.2), 200 mM NacCl, 0.1% (wivh§Es (—),

investigated using a method in which insertion of a protein @nd TatA in proteoliposomes at 0.7 mg/mL protein and a 1:100
into a ghos holi gid monolayer is detected as a chgn e inpmtem:phoslomIIIOIOI ratio in 20 mM MOPS (pH 7.2) and 200 mM
phospholip Yy g NacCl (--+). (B) CD spectra of purified TMS-TatA at 2 mg/mL in

surface pressure. Intact TatA cannot be analyzed by this10 mM Tris-HCI (pH 7.5) either alone—) or incubated with
technigue since detergent is required to prevent aggregatioriposomes formed fronk. coli total polar lipids at either a 1:100

of this protein. In the absence of a lipid monolay&T,MS- (+++) or 1:200 ¢ — —) protein:phospholipid molar ratio.
TatA increased the measured surface pressure by 13 mN/m.
The monolayer experiments were all performed with the ;ﬁglv?/nli:n?:?Cgpedgrzvitsr:rgr%ugoA?ZKSSFC%Q)8\5\;2?55;?% sSir?eiH:
initial monolayer surface pressure greater than this value to ~jcorg Algorithm and Refere?]ce Data SeZB)t 9
ensure that only monolayer-specific effects were detected. -

The ability of ATMS-TatA to insert into lipid monolayers helix strand turns other Nrmsd
spread from a totaE. coli polar lipid extract (which is  TatAdetergent 053 01 012 025 0.026

; ; _ TatA liposomes 054 0.08 0.13 0.25 0.018
composed of phosphatidylglycerol and phosphatidylethano ATMS-TatA 004 009 007 079 0013

lamine phospholipids together with cardiolipin), from 1,2- ATms.TatA and lipos(1:100) 0.19 011 012 059 0.011
dioleoylsn-glycero-3-phosphoglycerol (DOPG), from 1,2- ATMS-TatA+lipos (1:200) 0.23 0.14 0.17 0.48 0.011
dioleoyl-srrglycero-3-phosphoethanolamine (DOPE), or from ™ athe spectra that were analyzed were those of TatA ifEC
1,2-dioleoylsnglycero-3-phosphocholine (DOPC) was mea- detergent (TatA detergent), TatA in proteoliposomes (TatA liposomes),
sured as a function of increasing initial surface pressure the ATMS-TatA fragment in agqueous solutioATMS-TatA), and the
(Figure 6A). ATMS-TatA was found to insert into mono- ATM_S-TatA frag_mentinthe presence of Iip(_)somes ata 1:100 or 1:200
layers spread from all lipid types but most strongly into a %’:ﬁﬂ}phowh,dlmd molar ratia(TMS-TatAtlipos(1:100) and\TMS-

L. .. o pos (1:200), respectively].
monolayer of anionic DOPG phospholipids. Even at initial
surface pressures equal to or higher than the physiological The membrane interaction ATMS-TatA was further
membrane pressure of approximately 33102 N/m (35), investigated using CD spectroscopATMS-TatA was
the membrane insertion could be observed. The observedncubated in the presence of liposomes formed from ttal
level of insertion was decreased at increasing salt concentra-coli polar lipids fa 2 h at 20°C, and the CD spectrum was
tions in the subphase buffer (Figure 6B), suggesting that therecorded. The CD spectrum AfTMS-TatA in the presence
interaction had an electrostatic component. No membraneof liposomes is clearly significantly changed from that of
insertion was detected if thfTMS-TatA sample was first  the protein alone, with the appearance of a peak at ap-
pretreated with proteinase K, demonstrating that insertion proximately 224 nm indicating helix formation (Figure 5B).
depended on intacATMS-TatA. This experiment demonstrates thATMS-TatA interacts
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FiIGURE 6: Insertion ofATMS-TatA into phospholipid monolayers. TatA o g-TatA
(A) Insertion was assessed as the surface pressure increase upon

addition of ATMS-TatA as a function of the initial surface pressure
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E. coli lipids (a), DOPE (), or DOPC H). (B) Insertion ofATMS-

TatA into a DOPG monolayer as a function of the increasing

concentration of NaCl in the subphase buffer. TatABCDE

4-TatA
with membrane bilayers as well as monolayers. Secondary
structure analysis shows that the liposomes increase the
proportion of ATMS-TatA that is in aro-helical conforma- 1 2 3

tion and correspondingly reduce the number of “unfolded” FIGURE 7: Topological organization of TatA probed by protease
residues (Table 1). The exact helical content of liposome- accessibility. Spheroplasts (A) or inner membrane vesicles (B) were

. o . o prepared from cells expressing Tat proteins at wild-type levels (wt),
associated\TMS-TatA cannot be specified since it is not overexpressing TatA alone (TatA), overexpressing TEEATatAB-

known what proportion of the total protein present is CDE), or overexpressing leader peptidase (Lep). Aliquotg450

liposome-bound. of the membrane preparations were incubated &Cfr 30 min
Topological Orientation of TatAStrict application of the  in the presence of 0.5 mg/mL proteinase K and/or 2% (v/v) Triton

Positive-Inside rule 36) would suggest that TatA has an X-100 where indicated. Samples were subjected to precipitation

- inal - ion in th | . b with trichloroacetic acid and then analyzed by SEFRAGE and
amino-terminal out orientation in the cytoplasmic membrane. i mnoblotting using an antiserum directed against either TatA

However, the small size and unusual organization of TatA, (panels wt, TatA, and TatABCDE) or leader peptidase (panel Lep).
together with the suggestion from electron microscopy Lep indicates the characteristic degradation product formed by
studies that TatA has domains on either side of the membranedigestion of the periplasmic domain of membrane-embedded leader
(11), make an experimental test of this model desirable. To PePtidase by proteinase K.

this end, we attempted to determine the topological organiza-accessible from the periplasmic side of the membrane.
tion of TatA using protease accessibility measurements. BothControl experiments demonstrate that permeabilization of the
spheroplasts (in which the physiological orientation of the spheroplast membrane with the detergent Triton X-100
cell membrane is retained) and inner membrane vesicles (inrenders TatA susceptible to proteolysis by proteinase K
which the membrane is inverted relative to the physiological (Figure 7A). Degradation of the periplasmically accessible
orientation) were prepared from cells expressing TatA. Theseloop of leader peptidase by proteinase 37)(to produce a
membrane preparations were subjected to proteinase K19 kDa product was used to demonstrate the efficacy of
treatment, and the fate of the TatA molecules present wasspheroplast preparation (Figure 7A). In contrast, TatA in
assessed by immunoblotting. TatA in spheroplasts wasinner membrane vesicles was readily degraded by proteinase
insensitive to proteinase K treatment regardless of whetherK irrespective of the levels of TatA expression or of
the spheroplasts had been prepared from cells with the wild-coexpression of other Tat proteins (Figure 7B), suggesting
type Tat system, overexpressing TatA alone or overexpress-that TatA is exposed at the cytoplasmic side of the
ing TatA—E (Figure 7A). This suggests that TatA is not membrane. Taken together, these data indicate that under
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resting conditions the membrane extrinsic domain of TatA ATMS-TatA fragment was shown to insert into phospholipid
is located at the cytoplasmic side of the cell membrane. monolayers at physiological surface pressure and ionic
strength (Figure 6) and to associate with the bilayer
DISCUSSION membrane of liposomes (Figure 5B). Note that wAEMS-
i TatA has little defined secondary structure in aqueous
We report here that the essential TatA component of the gqtion (Figure 5B), unfolded proteins per se do not exhibit
E. coli Tat translocation pathway can be purified as a high- e mprane insertion in the monolayer technique used here
molecular mass homooligomeric complex (Figures 2 and (39 cp spectroscopy indicates that membrane association
3A). This observation is consistent with the detection of TatA ¢ the ATMS-TatA fragment induces somehelix formation

self_-self—intergctions in chemical c_ross—linking st.udi_es iN in this otherwise unstructured protein (Figure 5B). This
native E. coli membranes 12). While the cross-linking  gjical structure is most likely to be the predicted basic
experiments were only able to demonstrate 'meracnonsamphipathic helixx-2 (Figure 1), the implication then being

between a maximum of four TatA protomers, the study n4; this helix is stabilized by membrane association. The
presented here |nd|cate§ that of_the order of 40 TatA dependence oATMS-TatA insertion into phospholipid

molecules can self-associate in a single complex. The TatA yonolayers on ionic strength (Figure 6B) and the increased
homooligomer did not require additional Tat components (0 |ey| of interaction in the presence of anionic phospholipids

form since the complex could be purified from a strain (g, re 6A) would be consistent with a role for the basic
expressing TatA alone. However, the purified TatA complex regjques of the amphipathic helix in the membrane interac-

has a lower molecular mass (460 kDa) than the previously i, The observed preference faTMS-TatA interaction
purified TatAB and TatABC complexes for which apparent ih 4 monolayer formed from phosphatidylglycerol is
molecular masses of at least 600 kDa were repottdlé). consistent with the reported dependence of in vivo Tat

Our CD studies of purified TatA (Figure 5) are consistent transport on anionic phospholipid3g]. The interaction of
with the secondary structure model for TatA shown in Figure the ATMS-TatA region with the membrane is expected to
1 in which an amino-terminal transmembraaehelix is be reinforced in full-length TatA since thATMS-TatA
followed by an amphipathic-helix with the remainder of  region will also be localized to the membrane by the amino-
the molecule lacking major secondary structure elements.terminal helix. In addition, energization of the cytoplasmic
The role of the predicted amino-terminal helix has been membrane and the presence of other Tat components and of
investigated by characterizing a truncated form of TatA, the substrate protein could all influence the membrane
termedATMS-TatA, in which this helix has been deleted. interactions of TatA.

These studies SUggeSt that the amino-terminal helix has at Since protein transport is a vectorial process, the t0p0|0gi-
least three functions: it anchors TatA to the membrane, itis cal organization of TatA is likely to be crucial to its function.
necessary for the homooligomerization of TatA protomers, Here we found that TatA, even in a wild-type Tat back-
and it is required for formation of a properly folded structure. ground, was accessible to protease digestion from the
These functions may be linked since, as discussed below,cytoplasmic, but not the periplasmic, side of the cell
formation of the predicted amphipathic helix might be driven membrane (Figure 7). With the proviso that this method only
by the membrane association of TatA mediated by the amino-probes the accessibility of those regions of TatA recognized
terminal helix. by the polyclonal antiserum used in the experiments, we
The Tat system functions to translocate folded polypep- conclude that the extramembranous region of resting TatA
tides across the bacterial cytoplasmic membrane while is found at the cytoplasmic side of the membrane. This is
maintaining the permeability barrier of the membrane to ions consistent with the observation that the chloroplast TatA
and other small molecules. Since the folded Tat substratehomologoue Tha4 is accessible to proteases and antibodies
proteins have diameters of up to 65 4 ), transport must  at the stromal (equivalent to cytoplasmic) side of the
almost certainly be gated and involve conformational changesthylakoid membrane 40). It remains possible that the
in the proteinaceous transport machinery. It is quite likely topology of TatA could change during the transport cycle.
that these conformational changes will involve alterations
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intriguing is the presence of a strongly predicted basic REFERENCES

amphipathiax-helix in TatA in which the basic residues are

semiconserved (Figure 1). Such a structure could be located 1-Pugsley, A. P. (1993)licrobiol. Rev. 57, 50-108.

at the interface between the hydrophobic core of the bilayer 2 gﬂfg‘_t'ggé'lz' H., and Driessen, A. J. (200dpl. Microbiol. 37,

and the (negatively charged) phospholipid headgroups but 3. Berks, B. C. (1996Mol. Microbiol. 22, 393-404.
could oligomerize upon substrate binding to form a trans- 4. Berks, B. C., Sargent, F., and Palmer, T. (200@). Microbiol.
membrane channel with an aqueous interior and a hydro- 35 260-274.

phobic exterior. Support for the idea that regions of TatA > ??ég‘;gt_'gi Berks, B. C., and Palmer, T. (208@h. Microbiol.

beyond the amino-terminal helix are capable of interacting ¢ ori, H., and Cline, K. (2001Biochim Biophys Acta 1541 80—
with a membrane comes from experiments in which the 90.



Characterization of TatA

7. Bogsch, E., Sargent, F., Stanley, N. R., Berks, B. C., Robinson,
8.
9.

10.

11.

12.
13.
14.
15.
16.
17.
18.
19.
20.

21.

22.

23.

C., and Palmer, T. (1998). Biol. Chem 273 18003-18006.
Sargent, F., Bogsch, E., Stanley, N. R., Wexler, M., Robinson,
C., Berks, B. C., and Palmer, T. (199B)/BO J 17, 3640-3650.
Sargent, F., Stanley, N. R., Berks, B. C., and Palmer, T. (1299)
Biol. Chem 274, 36073-36082.

Weiner, J. H., Bilous, P. T., Shaw, G. M., Lubitz, S. P., Frost, L.,
Thomas, G. H., Cole, J. A,, and Turner, R. J. (192&)l 93
93-101.

Sargent, F., Gohlke, U., de Leeuw, E., Stanley, N. R., Palmer, T.,

Saibil, H. R., and Berks, B. C. (200Eur. J. Biochem 268 3361~
3367.

de Leeuw, E., Porcelli, I., Sargent, F., Palmer, T., and Berks, B.

C. (2001)FEBS Lett 506, 143-148.

Jack, R. L., Sargent, F., Berks, B. C., Sawers, G., and Palmer, T.

(2001)J. Bacteriol 183 1801-1804.

Bolhuis, A., Mathers, J. E., Thomas, J. D., Barrett, C. M., and
Robinson, C. (2001). Biol. Chem 276, 20213-20219.

Cline, K., and Mori, H. (2001). Cell Biol. 154, 719-729.

Mori, H., and Cline, K. (2002). Cell Biol. 157, 205-210.

Miroux, B., and Walker, J. E. (1996) Mol. Biol. 260, 289—298.
Casadaban, M. J., and Cohen, S. N. (1%#8f. Natl. Acad Sci
U.S.A 76, 4530-4533.

de Vrije, T., Tommassen, J., and de Kruijff, B. (198&idchim
Biophys Acta 90Q 63—72.

Johnson, M. L., Correia, J. J., Yphantis, D. A., and Halvorson, H.
R. (1981)Biophys J. 36, 575-588.

Cohn, E. J., and Edsall, J. T. (1943)Rnoteing Amino Acids
and Peptides as lons and Dipolar lgngp 376-381, Reinhold,
New York.

Collinson, I., Breyton, C., Duong, F., Tziatzios, C., Schubert, D.,
Or, E., Rapoport, T., and Kubrandt, W. (2001 EMBO J 20,
2462-2471.

Schubert, D., Tziatzios, C., van den Broek, J. A., Schuck, P.,

Germeroth, L., and Michel, H. (1998rog. Colloid Polym Sci
94, 14-109.

24.

25

26.

27.
28.

Biochemistry, Vol. 41, No. 46, 20023697

Savitsky, A., and Golay, M. J. E. (1964hal. Chem 36, 1627
1639.

Lobley, A., Whitmore, L., and Wallace, B. A. (200Bjoinfor-
matics 18 211-212.

Mao, D., Wachter, E., and Wallace, B. A. (19&pchemistry
21, 4960-4968.

Brahms, S., and Brahms, J. (1980Mol. Biol. 138 149-178.

Johnson, W. C., Jr. (199®roteins: Struct Funct, Genet 35,
307-312.

. Demel, R. A. (1974Methods EnzymoB2, 539-545.
. Laemmli, U. K. (1970Nature 227 280-285.

31. Towbin, H., Staehlin, T., and Gordon, J. (19P9)c. Natl. Acad

Sci U.S.A. 76 4350-4354.

.Jones, D. T. (1999). Mol. Biol. 292, 195-202.
. Settles, A. M., Yonetani, A., Baron, A., Bush, D. R, Cline, K.,

and Martienssen, R. (199Bcience 2781467-1470.

. Wexler, M., Sargent, F., Jack, R. L., Stanley, N. R., Bogsch, E.

G., Robinson, C., Berks, B. C., and Palmer, T. (2000Biol.
Chem 275, 1671716722.

. Demel, R. A. (19945ubcell Biochem 23, 83—120.
.von Heijne, G. (1992). Mol. Biol. 225 487494,
.de Gier, J. W., Mansournia, P., Valent, Q. A., Phillips, G. J.,

Luirink, J., and von Heijne, G. (1996)EBS Lett399, 307—309.

. Mikhaleva, N. I., Santini, C. L., Giordano, G., Nesmeyanova, M.

A., and Wu, L. F. (1999FEBS Lett 463 331-335.

.van't Hof, R., van Klompenburg, W., Pilon, M., Kozubek, A., de

Korte-Kool, G., Demel, R. A., Weisbeek, P. J., and de Kruijff, B.
(1993)J. Biol. Chem 268 4037-4042.

.Ma, X., and Cline, K. (1999). Biol. Chem 275, 10016-10022.

B1026142|



