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            Abstract
The elongation cycle of protein synthesis involves the delivery of aminoacyl-transfer RNAs to the aminoacyl-tRNA-binding site (A site) of the ribosome, followed by peptide-bond formation and translocation of the tRNAs through the ribosome to reopen the A site1,2. The translocation reaction is catalysed by elongation factor G (EF-G) in a GTP-dependent manner3. Despite the availability of structures of various EF-G–ribosome complexes, the precise mechanism by which tRNAs move through the ribosome still remains unclear. Here we use multiparticle cryoelectron microscopy analysis to resolve two previously unseen subpopulations within Thermus thermophilus EF-G–ribosome complexes at subnanometre resolution, one of them with a partly translocated tRNA. Comparison of these substates reveals that translocation of tRNA on the 30S subunit parallels the swivelling of the 30S head and is coupled to unratcheting of the 30S body. Because the tRNA maintains contact with the peptidyl-tRNA-binding site (P site) on the 30S head and simultaneously establishes interaction with the exit site (E site) on the 30S platform, a novel intra-subunit ‘pe/E’ hybrid state is formed. This state is stabilized by domain IV of EF-G, which interacts with the swivelled 30S-head conformation. These findings provide direct structural and mechanistic insight into the ‘missing link’ in terms of tRNA intermediates involved in the universally conserved translocation process.
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                    Figure 1: 
                        Substates I (TI
                        PRE
                        ) and II (TI
                        POST
                        ) of the 70S–EF-G–GDP–FA complex.
                      


Figure 2: Localization and conformation of the tRNA of substates I (TIPRE) and II (TIPOST). 


Figure 3: 
                        EF-G stabilizes the swivelled head movement in the TI
                        POST
                         state.
                      


Figure 4: 
                        Model for translocation.
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The animation compares the cryo-EM maps of sub-state I (TIPRE) and sub-state II (TIPOST) of the 70S•EF-G•GDP•FA complex, which are shown as mesh superposed with docked molecular models in ribbons representation (see also legend to Fig. 1): EF-G (red), the tRNA (green), the 16S rRNA (yellow), and the 30S ribosomal proteins (pink). The maps are shown from the 50S side with the 50S subunit computationally removed. Alignment was based on the respective 50S subunits. (GIF 2823 kb)
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The animation compares the cryo-EM maps of sub-state I (TIPRE) and sub-state II (TIPOST) of the 70S•EF-G•GDP•FA complex, which are shown as mesh superposed with docked molecular models in ribbons representation (see also legend to Fig. 1): EF-G (red), the tRNA (green), the 16S rRNA (yellow), and the 30S ribosomal proteins (pink). The maps are shown as a top view onto the 30S subunit with the 50S subunit computationally removed. Alignment was based on the respective 50S subunits. (GIF 1272 kb)
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The animation compares the molecular models of sub-state I (TIPRE) and sub-state II (TIPOST) of the 70S•EF-G•GDP•FA complex in a close-up of the tRNA binding. The 30S subunit is shown with yellow ribbons, the tRNAs as blue ribbons and ribosomal residues that contact tRNAs in A-, P- and E-sites as spheres coloured magenta, green and orange, respectively (see also Fig. 2a, b). (GIF 1415 kb)
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In a common 50S alignment, the P/E-tRNA (green ribbon) of TIPRE (sub-state I) and the pe/EtRNA (magenta ribbon) of TIPOST (sub-state II) together with their respective mRNA codons11are compared to the positions of the tRNAs in classical A-, P- and E-sites and the mRNA (grey ribbons). See also Fig. 3d. (GIF 145 kb)
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        Editorial Summary
Turning heads on tRNA translocation on the ribosome
During translation, transfer RNAs enter the ribosome and then move sequentially through three sites, known as A, P and E, as they transfer their attached amino acids onto the growing peptide chain. How the ribosome facilitates tRNA translocation between the sites remains largely unknown. Christian Spahn and colleagues have used multiparticle cryoelectron microscopy of a ribosome bound to the translation elongation factor, EF-G, to get information about tRNA movement. They identify two new sub-states and conclude that, following spontaneous inter-subunit ratcheting, translocation is the direct result of head swivelling and unratcheting of the 30S ribosomal subunit.
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