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The ribosome recycling in yeast cytoplasmic protein synthesis is catalyzed by eEF3 and ATP
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Preparation of polysomes to be used for the disassembly of the PoTC. Fig. S1A displays a presumed single ribosome in a naturally occurring polysome in growing yeast. The pre-translocation complex (PRE, 70% of the total ribosomes in the polysomes) and the post-translocation complex (POST, representing the rest of the ribosomes (30%) in the polysomes) coexist in the cytoplasm 
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. This distribution probably reflects back translocation in yeast (3) similar to the situation occurring in bacteria 
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. The PRE complex is thermodynamically more stable than the POST complex (3).

S. cerevisiae strain WY344 was grown at 30°C in 4.8 l of YPD medium with shaking (190 rpm) for 1-1.5 days - until the culture reached a density of A600 = 1.6. Cells were immediately cooled by the addition of crushed ice and were centrifuged at 3,000 × g for 10 min at 4ºC. Buffer 10/50 equal to the cell volume (about 12 ml) containing 250 mM sucrose, 0.2 mg/ml heparin, and 0.2 mM PMSF was added together with 12 ml of acid-washed glass beads (Sigma, 425-600 microns). The cells were disrupted by vortexing five times for 30 sec with 1 min breaks on ice, between each vortexing. The disrupted cells were centrifuged as above to remove intact cells and glass beads. The supernatant was re-centrifuged at 17,000 × g for 10 min at 4ºC to remove debris, and the lysate obtained (15 ml containing the polysomes shown in Fig. S1A) was adjusted to high-salt buffer 25/500 and left standing for 5 min on ice. This process removed most non-ribosomal proteins and the E site bound tRNA from the ribosomes (6), resulting presumably in the mixture of ribosomal complexes (shown in B). Seventy percent of the complexes contained peptidyl-tRNA at the A site and deacylated tRNA at the P site. The remaining 30% of the complexes contained peptidyl-tRNA at the P site 
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 and exhibited an empty E site (Fig. S1B). The mixture was centrifuged in a Beckman SW41 rotor at 37,500 rpm (174,000 × g) for 5 h at 4°C through 6 ml of 15-45% (w/v) sucrose gradient layered on 1.13 ml of 80% sucrose cushion prepared in buffer 10/50. Fractions (0.5 ml) were collected from the top of the gradient. The sedimentation behavior of each fraction was monitored using an ISCO UA-6 spectrophotometer at 254 nm and those fractions containing the polysomes were pooled (5 ml).
In the next step (Fig. S1, B to C), polysomes (2 nmol in 5 ml) prepared and purified as described above were treated with 200 µM GTP and 0.5 µM eEF2 in 14 ml buffer 5.5/150 for 15 min at 30ºC to translocate peptidyl-tRNA from the A to the P site. After the translocation, MgCl2, KCl, HEPES-KOH (pH 7.5), DTT, and water were added to the reaction mixture so that it was in buffer 25/500. This solution (20 ml, divided into 4 parts) was again centrifuged for 5 h at 4°C using 6 ml of a 25-45% sucrose gradient layered on 1.13 ml of an 80% sucrose cushion prepared in buffer 10/50 (SW41, at 38,500 rpm (183,000 × g)). The fractions containing polysomes were then collected as described above. This results in the complexes described in Fig. S1C. Note that 40% of the polysomes still existed as PRE complexes despite the translocation by eEF2/GTP, as previously reported (3). Aliquots of the polysomes thus prepared were frozen and stored at -80°C. The yield of polysomes was approximately 500 A260 units from a 4.8 l culture.
In the disassembly reaction, 0.1 µM of polysomes prepared as described above were treated with 1 mM puromycin to release the peptidyl moiety from the P-site bound peptidyl-tRNA. This treatment was performed simultaneously with the start of the disassembly reaction - due to the unstable nature of the PoTC. The puromycin treatment resulted in the complex shown in Fig. S1D (right), which is very similar to the natural PoTC structure, except that the A site codon is not a termination codon but a normal triplet (shown as NNN). We used a similar model PoTC to discover the bacterial ribosome recycling factor (RRF) 
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. The bacterial model PoTC is widely used in studies on the disassembly of the bacterial PoTC (for example, Singh et al. (9) and Tsuboi et al. 
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), suggesting the validity of the use of this model PoTC.
Characterization of the polysomes prepared above. We observed that approx. 40% of the polysomes were resistant to eEF3/ATP/PUR-dependent disassembly (Figs. 1 and 2). In order to understand this observation, we determined the position of peptidyl-tRNA on these resistant polysomes as shown in Fig. S2A. In this experiment, we prepared the polysomes as described above except that the nascent peptides were labeled with [35S]methionine in vitro. We then monitored the release of the [35S]peptides from the ribosomes as peptidyl-puromycin during the disassembly reaction in the presence and absence of eEF2/GTP. As shown in Fig. S2A, eEF3/ATP-resistant polysomes were also resistant to puromycin. The polysomes remaining after the eEF3 reaction contained approximately 40% of the ribosome-bound labeled peptides present in the substrate (Fig. S1C). This remaining peptidyl-tRNA must be bound at the A site because it did not react with puromycin. This was unexpected, because the polysomes had been treated with eEF2/GTP (Fig. S1, B to C). Indeed, all the translocatable peptidyl-tRNA at the A site were translocated by the eEF2/GTP treatment because no further significant release of [35S]peptidyl-puromycin was observed with the addition of eEF2/GTP (Fig. S2A, compare crosses and circles). We concluded that approx. 40% of our substrate contained ribosomes with peptidyl-tRNA at the A site, making them resistant to puromycin. This explains why 40% of the polysomes were not reactive with eEF3/ATP/PUR.
To further support the conclusion that 40% of the total ribosome-bound peptidyl-tRNAs were still on the A site of our substrate, the experiment described in Fig. S2B and C were performed. We reasoned that peptidyl-[3H]puromycin formation requires that the peptidyl-tRNA be located in the P site and the increase of this reaction would reflect the increase of peptidyl-tRNA on the P site. If the translocation step (Fig. S1, B to C) was complete, the puromycin reaction of the polysomes (Fig. S1C) would not be stimulated by the addition of eEF2/GTP. In Fig. S2B, the polysomes corresponding to Fig. S1B were mixed with [3H]puromycin and we measured the conversion of [3H]puromycin into acid-insoluble material (peptidyl-[3H]puromycin). As shown in this figure, in the presence of eEF2/GTP, the puromycin reaction was increased (note that closed circles are higher than the other symbols). This indicates that the polysomes isolated from growing yeast without eEF2/GTP treatment (shown in Fig. S1B) have translocatable peptidyl-tRNA at their A site. In contrast, polysomes shown in Fig. S1C did not respond to eEF2/GTP (Fig. S2C, note that the closed circles are identical to the other symbols), indicating that the step performed between Fig. S1B and C translocated all the translocatable peptidyl-tRNA from the A site. Although it was unexpected to find that approx. 40% of the peptidyl-tRNA at the A site was not translocatable, this has been reported with eukaryotic in vitro translation system 
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.

A high salt wash is commonly used to remove non-ribosomal proteins from ribosomes (6). Accordingly, to remove factors from the translocated polysomes described above were subjected to sucrose density gradient centrifugation with buffer 25/500 (Fig. S1, B to C). Western blotting analysis of the polysomes thus prepared showed that only 10% of the ribosomes contained one molecule of either eEF2 (Fig. S2D) or eEF3 (Fig. S2E).
Determination of the best ionic conditions for enzymatic mRNA release from the PoTC. Interaction of mRNA with the ribosome is strongly influenced by the Mg2+ and K+ concentrations (11). Therefore, as shown in Fig. S3A and B, we conducted experiments that examined the release of mRNA at various Mg2+ or K+ concentrations. We concluded that the best ionic conditions for eEF3/ATP-dependent release of mRNA are 3 mM MgCl2 and 150 mM KCl, at or near the optimum concentrations required for in vitro protein synthesis 
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. In Fig. S3C, we show that anions are important for the disassembly. Thus, 2.5 mM MgCl2 and 100 mM K-acetate completely inhibited the reaction, while both metal cations with Cl- would most likely allow the eEF3 reaction to proceed (Fig. S3, A and B). This buffer was reported to be suitable for the rabbit reticulocyte ribosome recycling system as described later in this supporting information.

The puromycin reaction is not the rate-limiting step in the disassembly reaction. In the kinetic studies shown in Fig. 2, the polysomes were mixed with puromycin and eEF3/ATP simultaneously. It was therefore important to establish that the time course of the release of mRNA we observed in Fig. 2 was not due to the time course of the puromycin reaction. This would be the case if the puromycin reaction were the rate-determining step in the disassembly reaction. The data presented in Fig. S4 eliminate this possibility. In this experiment, we show that pre-incubation of the polysomes with puromycin did not influence the initial rate of the eEF3/ATP-dependent release of mRNA. This is consistent with the notion that peptide bond formation is not the rate-determining step during the peptide elongation reaction (13).
eIF6 (anti-association factor) itself does not split ribosomes of the PoTC. Fig. S5A and B show the sedimentation profiles of the PoTC after it was split by eEF3/ATP in the presence or absence of eIF6. The results in these figures show that the addition of eIF6 resulted in the appearance of 60S subunits. Fig. S5C shows the dose response curve for eIF6 for its effect in preventing re-association of the split subunits. The effect of eIF6 reached its plateau at 5 µM. It is clear from this figure that eIF6 alone, even at the high concentration tested (20 µM), had very little ability to split 80S ribosomes in buffer 3/150. The splitting was dependent on eEF3/ATP.
Detection of subunits derived from the PoTC by eEF3/ATP addition without a stabilizer. In the experiment shown in Fig. S6, the PoTC was disassembled as in Fig. 1 in buffer 3/150 and sedimented in the same buffer at 35,300 × g for 13 h (low-speed centrifugation) to minimize the effect of physical shear on the PoTC. This effect was prevented by stabilizers in other experiments with fast sedimentation. It is clear that both 40S and 60S subunits were increased, when the PoTC was disassembled by eEF3/ATP without any stabilization agents such as formaldehyde, 25 mM MgCl2, or eIF6. The complete system (E) had the highest levels of subunits, compared to all other controls (A to D).

eEF2/ATP does not disassemble the PoTC. We recently reported that eEF2 with ATP dissociates 80S ribosomes into subunits and suggested that this novel activity of eEF2 may be involved in the disassembly of PoTC in eukaryotes (14). We therefore tested the effect of eEF2/ATP as shown in Fig. S7. It is clear that the PoTC was not disassembled by eEF2/ATP under conditions where eEF3/ATP was effective in dissociating mRNA from the PoTC. It should be noted that the experimental conditions used in Fig. S7 were different from those used in our preceding publication (14) because those experimental conditions disintegrated the PoTC without any additional factors. Further studies are necessary on the splitting of 80S ribosomes by either eEF3 or eEF2.
Yeast eIF3 does not disassemble the PoTC. In a recent paper, Pisarev et al. suggested that the disassembly of PoTC of rabbit reticulocytes is mostly catalyzed by eIF3 (15). We found that their buffer conditions (2.5 mM MgCl2, 100 mM K-acetate) were not suitable for the yeast PoTC disassembly by eEF3 and ATP (Fig. S3C). We therefore tested the effect of eIF3 under the conditions (1.5 mM MgCl2, 150 mM KCl) where eEF3/ATP functioned (Fig. S8A). It is clear that mRNA was not released from our yeast model PoTC by yeast eIF3.

Because of the negative results obtained with eIF3, we wanted to establish that the eIF3 used in the experiment was indeed active in the initiation reaction. Unless the eIF3 used was active, the negative results presented in Fig. S8A has no meaning. For this purpose, we mixed the eIF3 with the 43S•mRNA complex containing [35S]methionyl-tRNAi and examined gel shift mobility of the radioactivity. In parallel, eIF3, known to be active, was examined in the same way. As shown in Fig. S8B and C, we found that the eIF3 used in Fig. S8A behaved exactly the same as the active eIF3. We conclude that the eIF3 used was functionally active.
Supporting Materials and Methods
Preparation of aminoacyl-tRNA synthetases. Yeast aminoacyl-tRNA synthetases were prepared as described in (16) with some modifications. When the fractions containing polysomes were collected from the yeast lysate through a sucrose cushion as described in Fig. S1, the supernatant fractions containing aminoacyl-tRNA synthetases (approx. 25 ml) were also collected. Streptomycin sulfate (0.1 volume, 10%, prepared in buffer 10/50) was added drop-wise with continuous stirring over a period of 15 min. Stirring was continued for another 30 min, and the resulting precipitate (nucleic acids) was removed by centrifugation for 30 min at 17,000 × g. Solid ammonium sulfate was added to the supernatant with stirring and the protein precipitate between 40 and 70% (NH4)2SO4 saturation was obtained and dissolved in buffer A (10 mM potassium phosphate (pH 7.6), 5 mM -ME, 1 mM EDTA, and 10% glycerol). This fraction was dialyzed for 3 h against 1 liter of the same buffer followed by overnight dialysis with a new buffer A. The dialyzed solution (11.5 ml) was applied to 10 ml of DEAE-cellulose (Sigma) equilibrated with buffer A, in a BioRad 20 ml chromatography column. The column was washed with 140 ml of buffer A. The enzyme was eluted by 20 ml of buffer (250 mM potassium phosphate (pH 6.4), 5 mM -ME, and 1 mM EDTA). The enzyme appeared after an elution volume of about 6 ml. The fractions containing aminoacyl-tRNA synthetases were pooled (3 ml), and aliquots were frozen and stored at -80°C.
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