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lighted examples of proximal opposing movements (Fig. 4, E and F; fig. S15; and movies S13, A to D). Thus, PGEM and MreB filaments move in both directions around the cell, and we could not resolve any coordination along the cell length.

It thus appears that the coupled motions of the PGEM and MreB reflect the active process of cell wall synthesis: a circumferential motion of disconnected MreB-PGEM complexes moving around the cell in both directions, synthesizing discrete radial bands of PG oriented perpendicular to the cell length (fig. S16). This model is consistent with the arrangement of B. subtilis PG observed by atomic force microscopy (19).

MreB filaments are required for elongationspecific PG synthesis (2,20), suggesting that they are integral components of these translocating machines. These filaments may serve as coordinating scaffolds to link the PGEM to the enzymes that synthesize PG precursors (1-4, 10) (fig. S17). We cannot completely rule out the contribution of polymer dynamics to these motions, because there are no methods to inhibit MreB polymerization without disrupting existing filaments. However, we did not observe any directed motion in the absence of PG synthesis, even with high-precision measurements (fig. S13), suggesting that PG synthesis is the predominant process driving these motions. If these motions are driven by MreB polymerization or another process, this would require induction of equivalent rigor states during depletions of all PGEM components and the antibiotic inhibition of PG cross-linking, polymerization, and precursor synthesis.

Rather than a contiguous helical structure, these observations reveal the mobile, fragmented nature of MreB. Thus, although MreB is required for rod-shape maintenance, it cannot function as a cell-spanning structure, much less a coherent "cytoskeleton" in B. subtilis. It remains to be determined how the short-range activities of these independent biosynthetic complexes impart a long-range order to the cell wall.

The peptidoglycan cell wall and the actin-like MreB cytoskeleton are major determinants of cell shape in rod-shaped bacteria. The prevailing model postulates that helical, membrane-associated MreB filaments organize elongation-specific peptidoglycan-synthesizing complexes along sidewalls. We used total internal reflection fluorescence microscopy to visualize the dynamic relation between MreB isoforms and cell wall synthesis in live Bacillus subtilis cells. During exponential growth, MreB proteins did not form helical structures. Instead, together with other morphogenetic factors, they assembled into discrete patches that moved processively along peripheral tracks perpendicular to the cell axis. Patch motility was largely powered by cell wall synthesis, and MreB polymers restricted diffusion of patch components in the membrane and oriented patch motion.

T he peptidoglycan (PG) layer, or sacculus, which is composed of glycan strands crosslinked by peptide bridges, forms a loadbearing network that maintains bacterial cell shape. Synthesis and chemical composition of PG are well understood (1), but the structure of the sacculus and the mechanisms controlling its growth remain elusive. It is currently assumed that the actin-like MreB proteins form filamentous helical structures along the membrane, which direct cell wall growth by positioning multienzyme complexes that mediate sidewall elongation (2). These elongation complexes are thought to contain the essential transmembrane proteins MreC and MreD, RodA and RodZ, PG hydrolases, and penicillin-binding proteins (PBPs), the enzymes that catalyze PG elongation and cross-linking (3,4). Studies using fluorescently labeled vancomycin (Van-FL) have revealed helical incorporation patterns of PG precursors into the sidewall in B. subtilis (5) and Caulobacter crescentus (6), but could not resolve the dynamics of cell wall synthesis. We used total internal reflection fluorescence microscopy (TIRFM), a sensitive method for studying events at cell surfaces (7,8), to observe the dynamics of the MreB cytoskeleton and its relationship with cell wall growth.

Functional green fluorescent protein (GFP) fusions to the three MreB isoforms in B. subtilis (MreB, Mbl, and MreBH) expressed at wildtype levels (fig. S1) formed discrete patches in exponentially growing cells (Fig. 1A). Patches were restricted to the cell periphery (fig. S2A) and exhibited continuous movement along linear tracks roughly perpendicular to the long axis of the cell (Fig. 1B and movie S1). To reconcile our findings with the helical structures described for MreB proteins (2, 9), we simultaneously imaged cells by TIRFM and conventional epifluorescence. Owing to the increased depth of field, MreB patterns visualized by epifluorescence could be misinterpreted as "helical" (Fig. 1C). In addition, MreB localized to transverse bands as cells entered stationary phase (fig. S2B). We found similar patch-like localization and dynamics of MreB in the Gram-negative bacteria Escherichia coli and C. crescentus (fig. S2C), suggesting that these are widely conserved features in bacteria.

Detailed analysis of patch dynamics using kymographs (10) showed that patches moved bidirectionally across the cell at constant velocity (fig. S2D). We often observed reversal and crossover of patches (fig. S2D), but did not see abrupt patch appearances or disappearances at midtrajectory, indicating tight association of MreBs with the cell periphery. To determine patch velocities, we measured the slopes of kymograph traces. Patches formed by MreB, Mbl, and MreBH moved at significantly different speeds (Fig. 1D, fig. S3, and table S1; P < 0.001 for all pairs). Speeds were mildly dependent on growth temperature (fig. S4A) but were not affected by high concentrations of magnesium (fig. S4B) or untagged endogenous copies of the respective MreB isoforms (fig. S4C and table S1). Patch trajectories in maximum projections were oriented at angles close to 90°r elative to the long axis of the cell (Fig. 1E and table S1). Although tracks were evenly spaced along the length of the cell, with major distance peaks between 0.5 and 1 mm (Fig. 1F), high variability of autocorrelation between cells (fig. S5, A to C) and over time (fig. S5D) argued against a constrained periodic structure. However, we did find a correlation between numbers of tracks and cell length (Fig. 1G), suggesting an average distance between tracks of ~0.5 mm, as previously reported (11).

MreB, Mbl, and MreBH have been reported to colocalize and interact extensively with each other (12,13). To determine whether differences in patch speeds (Fig. 1D) reflected distinct isoform composition or simply different strain backgrounds, we performed two-color TIRFM on pairs of GFP-and mRFPruby-(monomeric RFP, red fluorescent protein) tagged proteins. All tested pairs displayed extensive overlap (Fig. 1H) with colocalization in more than 75% of kymograph traces (Fig. 1I and table S3) and moved at similar speeds (fig. S1, and movie S3). All other PBPs and LytE localized to patches that randomly moved along the cell surface (fig. S7A). In cells lacking pbpH, PBP2a patches displayed directional movement along circumferential tracks (Fig. 1, J and K, table S1, and movie S3), consistent with the proposed reciprocal redundancy of these two transpeptidases in sidewall synthesis (17). Furthermore, the integral membrane protein RodA, which has been linked to cell wall elongation and to PbpH and PBP2a (17,18), also formed circumferentially moving patches (Fig. 1, J and K, table S1, and movie S3). Finally, the orientation of Van-FL-labeled tracks was also centered around 90°C (Fig. 1K) instead of helical (5). Whereas MreBs and MreC patches exclusively displayed circumferential motion, MreD, PBP2a, PbpH, and RodA patches also frequently exhibited rapid diffusion along the membrane (fig. S7B). Circumferentially motile PbpH and RodA strongly colocalized with MreB and Mbl (Fig. 1, L and M, fig. S6, and table S1). Thus, MreBs, MreC/D, RodA, and PbpH/2a form part of cell wall elongation complexes that display circumferential processive motility in B. subtilis cells. What is the molecular basis for the processive movement? One possibility would be treadmilling of MreB, as previously suggested in B. subtilis (11) and C. crescentus (19). However, several dynamic behaviors of MreB patches such as fusion and fission (Fig. 2A and movie S4), reversal of direction (Fig. 2A), or splitting (Fig. 2B) argue against treadmilling-driven motion. To directly test for turnover of MreBs within patches, we performed FRAP (fluorescence recovery after photobleaching) experiments. When individual GFP-MreB or GFP-Mbl patches were partially bleached, their motility was unaffected and no fluorescence recovery occurred during their movement across the cell (Fig. 2, C andD). Similarly, when a whole cell was bleached, with the exception of a single GFP-Mbl patch (Fig. 2E), the signal from this patch did not decrease during its movement across the cell, again ruling out treadmilling-driven motion. Absence of treadmilling does not, however, preclude polymerization and slow global turnover of MreB (20), which is predicted from the correlation between cell length and patch numbers (Fig. 1F).
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Alternatively, a motive force for MreB patches, and thus for the elongation complexes, could be provided by PG synthesis itself. To test this possibility, we treated cells with vancomycin (100 mg/ml) to inhibit incorporation of PG precursors into the sacculus (21), or phosphomycin (700 mg/ml), which blocks the first cytosolic step in PG precursor synthesis (22). Addition of either antibiotic completely stopped movement of PbpH, MreB, and Mbl patches (Fig. 3, A andB). After removal of the drugs, motility gradually resumed (Fig. 3, C and D, and movie S5). Finally, upon disruption of the PG backbone with lysozyme, patch movement also ceased (Fig. 3E and movie S6), and many patches rapidly diffused in the cytosol (Fig. 3E and movie S6). If PG assembly directly drives motility of MreB patches, the concentration of PG precursors available should influence patch speed. Reducing the precursor pool with low concentrations (1 to 5 mg/ml) of phosphomycin did not affect the direction of MreB and Mbl patches (fig. S9A), but their velocities were significantly lower (Fig. 3F and table S1). FRAP experiments showed no turnover of MreB or Mbl patches in the presence of either high or low concentrations of phosphomycin (fig. S8), confirming the absence of MreB turnover in patches. To target PG synthesis genetically without inducing drastic changes in cell morphology, we analyzed MreB, Mbl, and RodA patches in mutants null for pbpH and pbpA (encodes PBP2a), which display a wild-type growth rate and morphology during vegetative growth (17,23). Both deletions significantly slowed down MreB and Mbl patches (Fig. 3G), suggesting a role for transpeptidases in setting the pace of new PG strand assembly. Indeed, the essential transpeptidase PBP2 of E. coli plays a direct role in glycan strand synthesis apart from its role in cross-linking (24). Again, track orientation was unaffected (fig. S9B). Mutants in pbpH and pbpA were slightly impaired in growth (fig. S9C), consistent with a link between patch motility and cell growth.

Our results indicate that cell wall synthesis itself provides the driving force for the processive motility of sidewall elongation complexes. This is also supported by recent analysis showing that PG glycosyl transferases are processive enzymes (25). What, then, is the biological function of the essential actin-like MreB? MreB positions cytosolic enzymes involved in PG precursor synthesis in C. crescentus (6,14). Thus, MreB patches might simply act as passive scaffolds for synthesis and export of PG precursors and/or regulate their delivery to sites of active PG synthesis (24). Our observation that RodA and PBPs localize not only to MreB-associated motile elongation complexes but also to rapidly diffusing patches (fig. S7A) suggested an alternative scenario, in which MreB polymers might actively restrict and/or control the mobility of cell wall elongation complexes. To test this hypothesis, we monitored patch motility in the absence of individual MreB isoforms. Patches moved much faster in the mreB mutant, whereas deletion of mbl or mreBH had no significant effect (Fig. 4A, fig. S10, and table S1). In addition, GFP-Mbl patches in a DmblDmreB background exhibited less uniform directionality (Fig. 4B), sometimes even following trajectories along the cell axis (Fig. 4C and movie S7). An even stronger effect was observed on RodA and PbpH: Processively motile patches were almost completely elimi-nated, and the few remaining covered very short distances, albeit faster (Fig. 4, D andE). Thus, MreB may function directly in restricting and/or organizing motility of cell wall elongation complexes, although an additional role in the recruitment of PG precursors cannot be excluded.

We propose a model for sidewall elongation in B. subtilis, where motile membrane-associated elongation complexes insert new PG along bands largely perpendicular to the long cell axis. Old PG strands are used as guiding scaffolds, and motility of the complexes is powered by PG polymerization. MreB-like polymers restrict the diffusion of the complexes within the membrane to achieve processive and correctly oriented movement. A similar scenario has been proposed for plant cells, where processive motility of cellulose synthase complexes is suggested to be constrained by cortical microtubules (26).
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 1 Fig. 1. Motile cell wall elongation complexes. (A) GFP-MreB, GFP-Mbl, and GFP-MreBH (left to right) imaged by TIRFM. Data in (A) to (G) are from strains 3723, 2523, and 2566J (table S4). (B) Movement of a GFP-MreB patch (arrow) and trajectory in maximum projection. Time is in seconds. (C) Simultaneous visualization of GFP-Mbl by TIRFM and epifluorescence (EPI). (Left) Corresponding bright-field (BF) image. (D) Typical kymograph and patch speed boxplots of MreB isoforms. (E) Typical maximum projection and angle boxplots for MreB isoform trajectories. (F) Distribution of GFP-MreB trajectories in maximum projection, linescan (along dotted line) and intensity correlation function (ICF). (G) Number of patch trajectories increases with cell length (linear fit: R 2 = 0.61). (H) Colocalization of GFP-MreB and Mbl-RFP in maximum projections, linescan (dotted line) and kymographs. (I) Quantification of MreBs colocalization from kymograph traces. G: GFP; R: RFP; gray bars: colocalization; green and red bars: single GFP and RFP color traces. (J) Boxplots of patch speed of morphogenetic proteins. (K) Orientation of patch trajectories of morphogenetic proteins and Van-FL bands. (L) Colocalization of GFP-PbpH and RFP-MreB in maximum projections, linescan, and kymograph traces. (M) Quantification of MreB and Mbl colocalization with PbpH and RodA from kymograph traces. Labels as in (I). Scale bars: 1 mm.

Fig. 2 .

 2 Fig. 2. Patch motility is not driven by treadmilling. (A) Time series and kymograph showing fission and fusion (arrowhead) and reversal of a GFP-Mbl patch (asterisk, RWSB10). Red: TIRFM; green: epifluorescence; blue (cell outline): bright field. (B) Time series and kymograph (dotted line) showing splitting of a GFP-MreB patch (RWSB1). (C) TIRF-FRAP with partial photobleaching of a moving GFP-MreB patch (RWSB1). (D) Kymographs along patch traces of GFP-Mbl in the DmrebDmbl background (RWSB10), with corresponding intensity profiles showing lack of fluorescence recovery upon partial bleaching. (E) Inverse FRAP (iFRAP). A cell (RWSB10) was bleached within the region outlined, omitting only a GFP-Mbl patch. Kymograph (dotted line) shows movement of the patch with no loss of fluorescence. Scale bars: 1 mm; time bars: 30 s in (A) and (B); 10 s in (D) and (E). Time is in seconds. Asterisks and arrow at initial position in (C) and (E).A B

Fig. 3 .

 3 Fig. 3. Contribution of PG synthesis to patch motility. (A and B) Immobile MreB, Mbl, and PbpH patches after treatment with vancomycin (100 mg/ml) for 8 min (A) and with phosphomycin (700 mg/ml) for 30 min (B). Time is in seconds. (C and D) Effects of vancomycin (C) and phosphomycin (D) are reversible. Kymographs were taken before (-) and immediately after addition of the drug (0) and at the indicated times (in minutes) after washout. Red arrows: partial recovery of motility. (E) Kymographs of GFP-Mbl patches (2523) showing partial arrest (a), complete arrest (b), or diffusive motility (c) after treatment with lysozyme (1 mg/ml) for 5 min. (F and G) Patch speed boxplots upon low phosphomycin (1 to 5 mg/ml) treatment relative to untreated cells (F) and in the presence and absence of pbpH or pbpA (G). Scale bars: 1 mm; time bars: 30 s.

Fig. 4 .

 4 Fig. 4. Roles of MreBs in patch motility. (A and B) Boxplots of patch speeds (A) and trajectory angles (B) in the presence and absence of mreB. (C) Movement of a GFP-Mbl patch (asterisk) along the cell axis in the DmrebDmbl strain (RWSB10). Red: TIRFM; green: epifluorescence; blue (cell outline): bright field. Time is in seconds. (D) Normalized PbpH and RodA patch motility (patch trajectories per kymograph trace per minute) after deletion of mreB or mbl. (E) Typical kymographs for PbpH and RodA patches in wildtype and mreB backgrounds. Scale bars: 1 mm; time bar: 30 s.A
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Vladimir V. Rogov, 4,5 Nathan R. Brady, 6 Benjamin Richter, 1 Jelena Korac, 7 Oliver Waidmann, 1 Chunaram Choudhary, 3 Volker Dötsch, 4 Dirk Bumann, 2 Ivan Dikic 1,7 * Selective autophagy can be mediated via receptor molecules that link specific cargoes to the autophagosomal membranes decorated by ubiquitin-like microtubule-associated protein light chain 3 (LC3) modifiers. Although several autophagy receptors have been identified, little is known about mechanisms controlling their functions in vivo. In this work, we found that phosphorylation of an autophagy receptor, optineurin, promoted selective autophagy of ubiquitin-coated cytosolic Salmonella enterica. The protein kinase TANK binding kinase 1 (TBK1) phosphorylated optineurin on serine-177, enhancing LC3 binding affinity and autophagic clearance of cytosolic Salmonella. Conversely, ubiquitin-or LC3-binding optineurin mutants and silencing of optineurin or TBK1 impaired Salmonella autophagy, resulting in increased intracellular bacterial proliferation. We propose that phosphorylation of autophagy receptors might be a general mechanism for regulation of cargo-selective autophagy.

M acroautophagy (hereafter referred to as autophagy) is an evolutionarily conserved catabolic process by which cells deliver bulk cytosolic components for degradation to the lysosome (1-4). Selectivity in cargo targeting is mediated via autophagy receptors that simul-taneously bind cargoes and autophagy modifiers, autophagy-related protein 8 (ATG8)/ microtubuleassociated protein light chain 3 (LC3)/g-aminobutyric acid receptor-associated protein (GABARAP) proteins, which are conjugated to the autophagosomal membranes (5,6). The regulatory mechanisms controlling the spatiotemporal dynamics of the autophagy receptor-target interaction in cells remain unclear (7).
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