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            Abstract
The GTPases Rac1, RhoA and Cdc42 act together to control cytoskeleton dynamics1,2,3. Recent biosensor studies have shown that all three GTPases are activated at the front of migrating cells4,5,6,7, and biochemical evidence suggests that they may regulate one another: Cdc42 can activate Rac1 (ref. 8), and Rac1 and RhoA are mutually inhibitory9,10,11,12. However, their spatiotemporal coordination, at the seconds and single-micrometre dimensions typical of individual protrusion events, remains unknown. Here we examine GTPase coordination in mouse embryonic fibroblasts both through simultaneous visualization of two GTPase biosensors and using a â€˜computational multiplexingâ€™ approach capable of defining the relationships between multiple protein activities visualized in separate experiments. We found that RhoA is activated at the cell edge synchronous with edge advancement, whereas Cdc42 and Rac1 are activated 2â€‰Î¼m behind the edge with a delay of 40â€‰s. This indicates that Rac1 and RhoA operate antagonistically through spatial separation and precise timing, and that RhoA has a role in the initial events of protrusion, whereas Rac1 and Cdc42 activate pathways implicated in reinforcement and stabilization of newly expanded protrusions.
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                    Figure 1: Activation of Rho GTPases in migrating MEFs.
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Figure 2: Dynamics of cell edge morphology and GTPase activation.
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Figure 3: Correlation of Rho GTPase activation and cell edge velocity as a function of time and space.
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Figure 4: Spatiotemporal coordination of Rac1, Cdc42 and RhoA activation.
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Supplementary Movie 4
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This Movie shows the RhoA activation measured using the single chain, intramolecular FRET biosensor (see Figs. 1c, S1c). Left panel: corresponding time points imaged by DIC. Frame interval: 10 s. Replay: 10 frames/s. Duration of original sequence: 10 min. Magnification 40x, 2x2 binning. Scale bar: 20 Âµm. Colour-bar defines the dynamic range of the FRET/CFP ratio. (MOV 4506 kb)
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Supplementary Movie 7
This Movie shows sampling windows of 1.8 Âµm width and 0.9 Âµm depth placed at 0 Âµm and 2.5 Âµm from the edge follow the cell morphology. Windows are overlaid on the time lapse sequence shown in Movie 4. Frame interval: 10s. Replay: 10 frames/s. (MOV 3343 kb)


Supplementary Movie 8
This Movie shows the RhoA activation measured using the intermolecular dual chain FRET biosensor (see Figs. S1d, S10). Frame interval: 10 s. Replay: 10 frames/s. Magnification 40x, 2x2 binning. Scale bar: 20 Âµm. Colour-bar defines the dynamic range of the corrected FRET/CyPet ratio. (MOV 2775 kb)
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This Movie shows the zoomed view of protrusion and retraction activity of a randomly migrating MEF imaged simultaneously using Cdc42 and RhoA biosensors (see Fig. S7 for snapshots of the full view time sequence). Frame interval: 10s. Replay: 10 frames/s. Magnification 40x, 2x2 binning. Scale-bar: 15 Î¼m. Colour-bar defines the dynamic range of the Cdc42 and RhoA signals. (MOV 7432 kb)
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        Editorial Summary
Rho GTPases during cell protrusion
The Rho GTPase family acts in concert to regulate cyoskeletal dynamics during processes such as cell motility. In this study, Danuser and colleagues study the coordination of RhoA, Rac1 and Cdc42 during cell migration by simultaneously visualizing two molecules using complementary biosensor designs, and by computationally defining the relationships between individual molecules visualized in separate cells. The latter approach demonstrates that different biosensors, imaged separately, can be freely combined to produce maps of relative signalling activities with seconds and single-micron resolution. These technologies pave the way to defining the dynamics of many proteins in large signal transduction networks.
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