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Light traffic: photo-crosslinking a novel transport system Tracy Palmer1, Frank Sargent2 and Ben C. Berks3 1
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The Tat protein transporter is found in the membranes of many bacteria and in plant chloroplasts. This highly unusual transport machine moves folded and often oligomeric substrate proteins across energy-conserving membranes. A recent paper reports the first use of a photo-crosslinking approach to dissect the early recognition events between the transporter and its substrate. Proteins are moved from one compartment of the cell to another via protein-transport machines. The substrate protein is normally transported in an unfolded conformation. However, the recent discovery of the Tat transporter, first in the thylakoids of plant chloroplasts (where it was termed the DpH pathway [1]) and subsequently in bacteria [2], has turned this notion on its head: the Tat system specifically transports folded proteins. Indeed, a recent paper shows that the Tat pathway probably possesses an innate proofreading activity that discriminates against and rejects substrates that are unfolded [3]. In bacteria such as Escherichia coli, many Tat substrates contain cofactors that are inserted in the controlled environment of the cytoplasm before export. Folded Tat ˚ in diameter [4]. Thus, the substrates can approach 60 A bacterium faces the huge challenge of transporting molecules of this size across the cytoplasmic membrane without permitting back-flow of protons and other ions that would kill the cell by equilibrating transmembrane ion electrochemical gradients. Components of the Tat transporter In bacteria, proteins are targeted for export by the Tat machinery by N-terminal signal peptides that harbour a distinctive consensus sequence, Ser-Arg-Arg-Xaa-PheLeu-Lys, termed the ‘twin arginine’ motif [5]. Within this motif the consecutive arginine residues are essentially invariant and are particularly important for substrate recognition by the Tat system because even conservative substitution with lysine residues is sufficient to block transport [6]. The transporter itself comprises three membrane-bound proteins, TatA, TatB and TatC. TatA is present at a much higher level than TatB and TatC, and exhibits extensive self –self interactions [7– 9]. TatA can be isolated from E. coli membranes as a large (,450 kDa) complex [10]. The TatB and TatC proteins form another large (, 700 kDa), and equimolar, complex in the E. coli Corresponding author: Tracy Palmer ([email protected]).



membrane [11]. The energy for Tat transport is provided entirely by the transmembrane proton electrochemical gradient with no requirement for nucleotide triphosphate hydrolysis [12]. Probing the Tat transport cycle Dissecting the events involved in the transport of a protein relies heavily on the development of tools to monitor the transport event in vitro. For the bacterial Tat system, such an approach requires the isolation of inverted vesicles derived from the cytoplasmic membrane that retain their competence to translocate Tat substrates. This has proven problematic, and has only been achieved by preparing the vesicles from strains containing highly elevated levels of TatA, TatB and TatC [12,13]. This in vitro system was used to show that the first step in Tat transport is energyindependent binding of the substrate protein to Tat components in the membrane, a recognition event that requires the twin arginine residues of the substrate signal peptide [13]. Recently, Alami and co-workers [14] used the in vitro system in combination with site-specific photoaffinity crosslinking to identify the specific Tat proteins that interact with substrate signal peptides. TatB –TatC forms the initial receptor site for signal peptide binding In the approach used by Alami and coworkers [14] (Box 1), a precursor of a highly reactive amino acid analogue is introduced at specific positions within the signal peptide of the Tat substrate protein SufI. Upon UV irradiation, a free radical is generated on the amino acid side-chain. This free radical reacts with molecules that are in close proximity, thereby, crosslinking the signal peptide to its site of interaction with the Tat proteins. Using inverted membrane vesicles that had been de-energized by the addition of a protonophore (‘uncoupler’), the signal peptide of SufI was found to interact with TatB and TatC, but not with TatA. This is consistent with in vitro studies of the thylakoid Tat system in which chemical crosslinking, antibody competition and blue native polyacrylamide gel electrophoresis experiments have led to the conclusion that the plant orthologues of TatB (Hcf106) and TatC (cpTatC) form the initial binding site for substrates [15,16]. The work of Alami et al. [14] has enabled a more exquisite mapping of the signal peptide-binding site by virtue of the fact that the crosslinker can be placed in the signal peptide at precise points. When the crosslinker was placed at Phe8,
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Box 1. Photo-crosslinking The photo-crosslinking technique used by Alami and co-workers [14] involves the introduction of a highly reactive phenylalanine derivative, 0 L -4 -[3-(trifluoromethyl)-3H-diazirin-3-yl] phenylalanine (Tmd-Phe) at specific positions within a polypeptide chain. When illuminated with UV light Tmd-Phe forms a highly reactive carbene radical that will form a covalent linkage with proteins and lipids to which it is in close proximity. The first stage in the introduction of a site-specific Tmd-Phe residue into SufI was the substitution of a TAG stop codon at the desired position within the protein-coding sequence. Normally this would result in the synthesis of a truncated protein. However, the TAG codon can be specifically decoded by the presence of a suppressor tRNA. The polypeptide was synthesized in vitro in the presence of both radiolabelled methionine (for detection purposes) and the suppressor tRNA that has been chemically modified by attachment of Tmd-Phe. The Tmd-Phemodified polypeptide was then incubated with inverted Escherichia coli cytoplasmic membrane vesicles containing the Tat transporter along with many other proteins. The sample was subjected to UV irradiation, resulting in the production of a highly reactive carbene radical from
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Tmd-Phe. This radical reacts to form covalent complexes with neighbouring molecules. The nature of these complexes was established by immunoprecipitation with antibodies raised against the TatA, TatB and TatC proteins (Figure I).
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Figure I. The SufI signal peptide. The twin arginine motif is highlighted in green. The positions of residues substituted for L -40 -[3-(trifluoromethyl)-3Hdiazirin-3-yl] phenylalanine (Tmd-Phe) in the study by Alami and co-workers [14] are indicated.
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Figure 1. Proposal for the Tat transport cycle based on the data of Mori and Cline [19] and Alami et al. [14]. For simplicity, arbitrary numbers of TatA protomers and single copies of the TatB and TatC proteins are shown. (a) In the absence of substrate, TatA and TatB– TatC form separate high molecular mass complexes in the membrane. (b) The signal peptide of a Tat substrate protein is bound by the TatB– TatC complex with the twin arginine motif being recognized by TatC. (c) Signal peptide binding triggers association with TatA to form the active translocation channel. This association is driven by the transmembrane proton electrochemical gradient (Dp). (d) The folded mature domain of the substrate protein is translocated across the membrane through a channel formed by multiple TatA protomers. Following transport, the signal peptide is removed from the substrate by the enzyme signal peptidase and the TatA and TatB –TatC complexes dissociate. www.sciencedirect.com
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which is a highly conserved amino acid of the twin arginine motif (Box 1), crosslinks to the TatB and TatC proteins were detected. This crosslink was lost when the twin arginine residues of the signal peptide were substituted with a pair of lysines, confirming the specificity of the detected interaction. Interestingly, when the crosslinker was situated further along the signal peptide (Box 1), only crosslinks to TatB were observed. These observations suggest that TatC specifically recognizes residues within the twin arginine motif, whereas TatB interacts with other regions of the signal peptide in addition to the twin arginine motif. TatC is the primary recognition site of the Tat transporter Alami and co-workers [14] were able to further characterize the mechanism of signal peptide binding using membranes from mutant strains that lack one or more of the Tat proteins. They found that TatC could still be photocrosslinked to the SufI signal peptide in the absence of TatB. By contrast, crosslinks to TatB were not observed in membrane vesicles lacking TatC. These observations suggest that TatC alone forms the primary recognition site for the signal peptide. This is in agreement with previous genetic studies that have led to the supposition that TatC is a specificity determinant in the targeting of substrates to the Tat pathway [17]. It is also consistent with the observation that isolated signal peptides only interact with purified complexes that contain the TatC protein [18]. Moreover, membranes that contain elevated levels of TatC relative to TatB show a decreased level of crosslinking of the signal peptide with TatB. This is consistent with TatC titrating out the signal peptide before its interaction with TatB. These results point to a model in which TatC is the initial site of interaction with the signal peptide and that, once bound, the signal peptide is adjacent to (and possibly transferred to) the TatB protein. The Tat transport cycle A final exciting observation stemming from the in vitro experiments of Alami et al. [14] is that, upon energization of the vesicles, the SufI signal peptide could – in addition to interacting with TatB and TatC – be crosslinked to the TatA protein. In this context it is interesting to note that, in the thylakoid Tat system, chemical crosslinks between the TatA orthologue and the TatB and TatC orthologues are only observed in the presence of both a substrate and the transmembrane proton electrochemical gradient [19]. These observations have led to the speculative model for the Tat transport cycle shown in Figure 1, which is adapted from that of Mori and Cline [1]. In this model, under resting (i.e. non-translocating) conditions, the Tat machinery comprises two distinct sub-complexes. The first subcomplex is a large complex of TatB and TatC that (from the work by Alami et al.) appears to be the substrate-docking site. The second sub-complex is a similarly large complex consisting mainly of TatA, and has been suggested to be the channel through which substrates pass. In the presence of substrate and a protonmotive force, the two complexes assemble into a translocation site, proposed to be a super-complex of TatA, TatB and TatC. Mori and Cline found that the crosslinks between the thylakoid TatA orthologues and TatB and TatC orthologues that they www.sciencedirect.com
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observed in energized membranes in the presence of substrate could not be formed if translocation was allowed to proceed to completion [19]. The suggested interpretation of this observation is that the TatA–TatB–TatC supercomplex disassembles into its constituent TatA and TatB– TatC components once the substrate has been transported. Clearly, in the six years since the Tat system was first discovered in bacteria, we have come a considerable way towards understanding how a folded protein might be transported across an energy-coupling membrane. However, many questions still remain. Some key challenges for the future are to trap and isolate the assembled translocation site, to elucidate the mechanism by which energy is transduced during the transport cycle and to understand how the Tat system determines the folded state of its substrates. References 1 Mori, H. and Cline, K. (2001) Post-translational protein translocation into thylakoids by the Sec and DpH-dependent pathways. Biochim. Biophys. Acta 1541, 80 – 90 2 Berks, B.C. et al. (2003) The Tat protein translocation pathway and its role in microbial physiology. Adv. Microb. Physiol. 47, 187– 254 3 DeLisa, M.P. et al. (2003) Folding quality control in the export of proteins by the bacterial twin-arginine translocation pathway. Proc. Natl. Acad. Sci. U. S. A. 100, 6115 – 6120 4 Berks, B.C. et al. (2000) The Tat protein export pathway. Mol. Microbiol. 35, 260– 274 5 Berks, B.C. (1996) A common export pathway for proteins binding complex redox cofactors? Mol. Microbiol. 22, 393– 404 6 Stanley, N.R. et al. (2000) The twin-arginine consensus motif of Tat signal peptides is involved in Sec-independent protein targeting in Escherichia coli. J. Biol. Chem. 275, 11591– 11596 7 Jack, R.L. et al. (2001) Constitutive expression of the Escherichia coli tat genes indicates an important role for the twin-arginine translocase during aerobic and anaerobic growth. J. Bacteriol. 183, 1801– 1804 8 Sargent, F. et al. (2001) Purified components of the Escherichia coli Tat protein transport system form a double-layered ring structure. Eur. J. Biochem. 268, 3361 – 3367 9 de Leeuw, E. et al. (2001) Membrane interactions and self-association of the TatA and TatB components of the twin-arginine translocation pathway. FEBS Lett. 506, 143 – 148 10 Porcelli, I. et al. (2002) Characterisation and membrane assembly of the TatA component of the Escherichia coli twin-arginine protein transport system. Biochemistry 41, 13690 – 13697 11 Bolhuis, A. et al. (2001) TatB and TatC form a functional and structural unit of the twin-arginine translocase from Escherichia coli. J. Biol. Chem. 276, 20213 – 20219 12 Yahr, T.L. and Wickner, W.T. (2001) Functional reconstitution of bacterial Tat translocation in vitro. EMBO J. 20, 2472– 2479 13 Alami, M. et al. (2002) Separate analysis of Tat-specific membranebinding and translocation in Escherichi coli. J. Biol. Chem. 277, 20499 – 20503 14 Alami, M. et al. (2003) Differential interactions between a twinarginine signal peptide and its translocase in Escherichia coli. Mol. Cell 12, 937 – 946 15 Ma, X. and Cline, K. (2000) Precursors bind to specific sites on thylakoid membranes prior to transport on the delta pH protein translocation system. J. Biol. Chem. 275, 10016 – 10022 16 Cline, K. and Mori, H. (2001) Thylakoid DpH-dependent precursor proteins bind to a cpTatC – Hcf106 complex before Tha4-dependent transport. J. Cell Biol. 154, 719– 729 17 Jongbloed, J.D. et al. (2000) TatC is a specificity determinant for protein secretion via the twin-arginine translocation pathway. J. Biol. Chem. 275, 41350 – 41357 18 de Leeuw, E. et al. (2002) Oligomeric properties and signal peptide binding by Escherichia coli Tat protein transport complexes. J. Mol. Biol. 322, 1135 – 1146 19 Mori, J. and Cline, K. (2002) A twin arginine signal peptide and the pH gradient trigger reversible assembly of the thylakoid DpH/Tat translocase. J. Cell Biol. 157, 205 – 210
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