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Fam49/CYRI interacts with Rac1 and locally suppresses protrusions ʹ 
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Abstract ͵ͳ  ͵ʹ ActinǦbased protrusions are reinforced through positive feedbackǡ but it is ͵͵ unclear what restricts their sizeǡ or limits positive signals when they retract or ͵Ͷ splitǤ  We identify an evolutionarily conserved regulator of actinǦbased ͵ͷ protrusionǣ CYR) ȋCYF)P-related Rac interactorȌ also known as FamͶͻǤ  CYR) ͵͸ binds activated Racͳ via a Domain of Unknown Function DUFͳ͵ͻͶǡ shared with ͵͹ CYF)Pǡ defining DUFͳ͵ͻͶ as a RacͳǦbinding moduleǤ  CYR)Ǧdepleted cells have ͵ͺ broad lamellipodia enriched in ScarȀWAVEǡ but reduced protrusionǦretraction ͵ͻ dynamicsǤ  Pseudopods induced by optogenetic Racͳ activation in CYR)Ǧdepleted ͶͲ cells are larger and longerǦlivedǤ Converselyǡ CYR) overexpression suppresses Ͷͳ recruitment of active ScarȀWAVE to the cell edgeǡ resulting in shortǦlivedǡ Ͷʹ unproductive protrusionsǤ  CYR) thus focusses protrusion signals and regulates Ͷ͵ pseudopod complexity by inhibiting ScarȀWAVEǦinduced ͶͶ actin polymerizationǤ  )t thus behaves like a ǲlocal inhibitorǳ predicted in widely Ͷͷ accepted mathematical modelsǡ but not previously identified in cellsǤ  CYR) Ͷ͸ therefore regulates chemotaxisǡ cell migration and epithelial polarisation by Ͷ͹ controlling polarity and plasticity of protrusionsǤ   Ͷͺ 



 ͵

Introduction Ͷͻ  ͷͲ Cell migration is an ancient and fundamental mechanism whereby cells exert ͷͳ control over interactions with their environmentǤ  The actin cytoskeleton is the ͷʹ main driver of cell migrationǡ with dozens of proteins controlling actin ͷ͵ organisationͳǤ Actin protrusionsǡ or pseudopodsǡ govern migrationǡ however the ͷͶ feedback loops controlling assemblyǡ splitting and disassembly of these ͷͷ structures is an area of active debateʹǤ   ͷ͸  ͷ͹ The ScarȀWAVE complex is the main driver of ArpʹȀ͵Ǧmediated branched actin ͷͺ networks underlying pseudopod generationǤ The complex consists of five ͷͻ subunits CYF)Pǡ NCKAPͳǡ ScarȀWAVEǡ AB)ǡ (SPC͵ͲͲ ȋnomenclature in ͸Ͳ Supplementary Table ͳȌǤ  The main ArpʹȀ͵ activating subunitǡ ScarȀWAVEǡ is ͸ͳ autoinhibited until signals trigger a conformational changeǡ exposing an ArpʹȀ͵ ͸ʹ activation sequence ͵ǡ ͶǤ  The ScarȀWAVE complex is recruited to acidic ͸͵ phospholipids in the plasma membrane via a patch of basic charges͵ and via ͸Ͷ interaction with the small GTPase RacͳͷǦ͹Ǥ ͸ͷ  ͸͸ Many motile cell types steer by splitting pseudopods into two or more ͸͹ daughtersǢ selecting pseudopods from the split for retractionȀmaintenance ͸ͺ provides a directional bias steering cells up chemotactic gradientsͺǤ  Actin and ͸ͻ associated signal transduction networks form excitable systems that propagate ͹Ͳ in waves and selfǦlimit to drive protrusion and retractionͳǡ ͻǡ ͳͲǤ  Actin and ͹ͳ associated cytoskeletal components likely control their own excitability in ͹ʹ concert with signaling lipidsǡ but dynamic interplay between ǲonǳ and ǲoffǳ ͹͵ signals is essential for migration to be plastic and responsiveǤ ͹Ͷ  ͹ͷ Negative regulators of ArpʹȀ͵ complex include Gadkinǡ which sequesters ArpʹȀ͵ ͹͸ at the trans Golgi network and endosomesͳͳǤ  Another inhibitorǡ Arpin mimics ͹͹ the activating sequence of ScarȀWAVE but inhibits the ArpʹȀ͵ complex ͳʹǤ  (ereǡ ͹ͺ we describe a negative regulator of the ScarȀWAVE complexǡ CYR) ȋencoded by ͹ͻ the FAM49 geneȌǡ an evolutionarily conserved protein that mimics the Racͳ ͺͲ interaction domain of CYF)P and promotes dynamic pseudopod splittingǤ ͺͳ  ͺʹ  ͺ͵ 
Results ͺͶ 
CYRI is an evolutionarily conserved N-myristoylated protein with ͺͷ 
homology to CYFIP ͺ͸ We sought new ScarȀWAVE complex interactors by precipitating GFPǦfused ͺ͹ NAPͳ ȋfor nomenclature see Supplementary Table 1Ȍ from napA knockout ͺͺ rescued Dictyostelium cellsǤ  Reversible formaldehyde crosslinking in celluloͳ͵ ͺͻ stabilised transient interactions and GFPǦTrap immunocapture recovered ͻͲ ScarȀWAVEǡ AB)ǡ (SPC͵ͲͲ and P)RͳʹͳǤ  Another interactor was identified as ͻͳ FamͶͻ ȋFAMily of unknown function ͶͻǢ Fig 1a and Supplementary Table 2ȌǤ ͻʹ Although FAMͶͻ did not coǦprecipitate with the ScarȀWAVE complex in the ͻ͵ absence of crosslinkingǡ we focused on it for two reasonsǤ  Firstlyǡ FAM49 is ͻͶ highly conserved across evolution and is roughly coǦconserved with the ͻͷ ScarȀWAVE complexͳͶǡͳͷ ȋSupplementary Fig.1aȌǤ Secondlyǡ Pfam and )nterPro ͻ͸ identified FAMͶͻ as uniquely sharing a DUFͳ͵ͻͶ domain with the ScarȀWAVE ͻ͹ 



 Ͷ

complex subunit CYF)P ȋFig. 1b and Supplementary Fig.1bȌǤ  FAMͶͻ proteins ͻͺ comprise mostly DUFͳ͵ͻͶǡ while CYF)P proteins contain a cytoplasmic fragile X ͻͻ interaction domainͳ͸ (Fig. 1b)Ǥ   We renamed FAMͶͻ to CYR) for CYF)PǦrelated ͳͲͲ 
Racͳ Interactorǡ in mammalsǡ represented by CYR)ǦA ȋFAMͶͻǦAȌ and CYR)ǦB ͳͲͳ ȋFAMͶͻǦBȌ and henceforth we use this nomenclatureǤ ͳͲʹ  ͳͲ͵ The DUFͳ͵ͻͶ region of CYF)Pǡ highlighted in red ȋPDB ͵PͺC and Fig. 1c) partly ͳͲͶ overlaps with the published ScarȀWAVE complex Racͳ interaction siteǡ in ͳͲͷ particular RͳͻͲ in CYF)Pͳ͵ ȋFig. 1cǡ Black arrow and blue ballsȌǤ  Modeling the ͳͲ͸ structure of the DUFͳ͵ͻͶ of CYR)ǦB using Phyreʹǡ reveals structural similarities ͳͲ͹ with CYF)P (PDB ͵PͺC and Fig. 1d)Ǥ  The analogous Rͳ͸ͳ of CYR) (Fig 1d blue ͳͲͺ sidechainsǡ and e red box) is part of a highly conserved ͵͵Ǧamino acid stretch ͳͲͻ ȋε͹ͷΨ similarityȌ across diverse phyla ȋSupplementary Fig. 1b-cȌǤ Rͳ͸Ͳ is also ͳͳͲ conserved in CYR) but replaced by lysine in CYF)P ȋFig. 1d-e and ͳͳͳ 
Supplementary Fig. 1b-c)Ǥ ͳͳʹ  ͳͳ͵ The NǦterminal glycineǦʹ of CYR) proteins encodes a putative myristoylation ͳͳͶ siteͳ͹Ǧͳͻ (Fig. 1f)ǡ which is not conserved in CYF)PǤ  We confirmed the ͳͳͷ myristoylation of CYR)ǦB by assessing the incorporation of myristate analogue ͳͳ͸ ȋCͳͶǣͲǦazideȌ onto Gʹ using CL)CK chemistry in celluloǤ Mutation of this glycine ͳͳ͹ to alanine abolishes the CL)CK signal (Fig. 1 g-h)Ǥ ͳͳͺ  ͳͳͻ )n summaryǡ we have defined CYR)ǡ an evolutionarily conserved protein with a ͳʹͲ putative RacͳǦbinding DUFͳ͵ͻͶ moduleǤ  Furthermoreǡ NǦterminal ͳʹͳ myristoylation suggests CYR) may dynamically associate with the plasma ͳʹʹ membraneʹͲǡ where active Racͳ stimulates the ScarȀWAVE complex to catalyse ͳʹ͵ lamellipodial expansionǤ ͳʹͶ  ͳʹͷ 
CYRI interacts directly with activated Rac1 in vitro ͳʹ͸ (omology between CYR) and CYF)P (Supplementary Fig. 1b)ǡ suggested ͳʹ͹ potential interaction with RacͳǤ Yeast twoǦhybrid screening with RacͳGͳʹV as bait ͳʹͺ retrieved CYR)ǦB from multiple cDNA libraries (Supplementary Fig. 2a)Ǥ The ͳʹͻ core interacting sequence of CYR)ǦB encompasses amino acids ͵ͲǦʹ͵͸ ȋhereafter ͳ͵Ͳ the Rac Binding Domain Ǧ RBDȌǡ (Supplementary Fig. 2b-cȌǤ GFPǦRBD expressed ͳ͵ͳ in C(LǦͳ human melanoma cells interacted selectively with GSTǦRacͳQ͸ͳL but not ͳ͵ʹ GSTǦRacͳWTǤ  Mutation of CYR)ǦB Rͳ͸Ͳ or Rͳ͸ͳ ȋin GFPǦRBDȌ to aspartic acid ͳ͵͵ abrogated this interaction (Fig. 2a-c and Supplementary Fig. 7). GSTǦCYR)ǦB ͳ͵Ͷ RBD and MBPǦRacͳ also showed robust interaction (Supplementary Fig. 2d-f ͳ͵ͷ 
and Supplementary Fig. 7)Ǥ  )n this assayǡ CYR) does not coǦprecipitate with ͳ͵͸ RacͳTͳ͹Nǡ RacͳGͳʹVǡ or Racͳ WTǡ likely due to the low affinity of CYR)ǦB for RacͳǤ ͳ͵͹ (oweverǡ the double mutant Racͳ PʹͻSȀQ͸ͳLǡ recently shown to have a high affinity ͳ͵ͺ for the ScarȀWAVE complexʹͳǡ displayed enhanced binding to CYR)ǦB RBD ȋ̱͵Ǧͳ͵ͻ ͵ǤͷǦfold increaseȌ over RacͳQ͸ͳL  but no enhanced binding to PakͳǦCR)B ͳͶͲ ȋSupplementary Fig. 2 d-f and Supplementary Fig. 7ȌǤ  Using surface plasmon ͳͶͳ resonanceǡ immobilised CYR)ǦB RBD specifically interacted with Racͳ Q͸ͳL with a ͳͶʹ 
Kd of ʹ͹ ρM and the reverse assayǡ with Racͳ Q͸ͳL immobilised returned a Kd of ͳͶ͵ ʹʹ ρM (Fig. 2g)Ǥ  As CYR)ǦRBD shows no homology to CR)B ȋCdcͶʹ and Rac ͳͶͶ interaction bindingȌ motifsǡ we probed the specificity of the interaction of CYR) ͳͶͷ between Racͳǡ RhoA and CdcͶʹǤ Once againǡ CYR)ǦRBD interacted robustly with ͳͶ͸ 
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RacͳQ͸ͳL but not with constitutively active RhoAQ͸͵L or CdcͶʹQ͸ͳL (Fig. 2d, ͳͶ͹ 
Supplementary Fig. 2g-h and Supplementary Fig. 7)Ǥ  Thus CYR)ǦB RBD ͳͶͺ interacts specifically with active RacͳǤ Two conserved basic residues in the ͳͶͻ DUFͳ͵ͻͶ ȋconserved in CYF)PȌ mediate this interactionǤ  This suggests a signalǦͳͷͲ regulated interaction between active Racͳ and CYR)ǡ similar to the RacͳǦCYF)P ͳͷͳ interactionǡ defining DUFͳ͵ͻͶ as an active Racͳ interaction moduleǤ ͳͷʹ  ͳͷ͵ 
CYRI interacts with active Rac1 in cells  ͳͷͶ We next explored the RacͳǦCYR) interaction in cellsǤ  Proximity ligationʹʹ ͳͷͷ revealed an interaction between RacͳWT and CYR)ǦB in COSǦ͹ cellsǡ as well as a ͳͷ͸ stronger interaction between RacͳQ͸ͳL (Fig. 2h-i and Supplementary Figure 2i-ͳͷ͹ 
l)Ǥ  Mutation of key arginines in CYR)ǦBRͳ͸ͲȀͳ͸ͳǦ(A abolished this interaction and ͳͷͺ dominant negative RacͳTͳ͹N showed no interaction (Fig. 2 h-I and ͳͷͻ 
Supplementary Fig. 2i-l)Ǥ   Targetting either CYR) or RacͳA to mitochondriaʹ͵  ͳ͸Ͳ 
(Figure 2j) in Dictyosteliumǡ revealed that CYR)WTǡ but not CYR) mutated for the ͳ͸ͳ analogous RͳͷͷȀͳͷ͸Dǡ strongly coǦrecruits active RacͳA PʹͻSȀ Q͸ͳLǤ The Pearsonǯs ͳ͸ʹ coefficient of fluorescence correlation ȋPCCȌ for RacͳAǦmCherryǦmito and the ͳ͸͵ GFPǦfusions revealed a PCC of the positive control CR)BǦPBD ͲǤͺͲ ȋSDǣ ͲǤʹͲ Ȃ ͳ͸Ͷ nα͸ȌǢ CYR)WT ͲǤ͹͹ ȋSDǣ ͲǤʹͳ Ȃ nαͺ cellsȌǢ and CYR)RͳͷͷȀͳͷ͸D ͲǤͲͷ ȋSDǣ ͲǤͳʹ Ȃ nαͳͶ ͳ͸ͷ cellsȌǡ where ͳ α perfectǡ Ͳα no correlation and Ǧͳ α excludedǤ The PCC for RacͳAǦͳ͸͸ mCherry and GFPǦmitoǦfusions wereǣ CR)BǦPBD ͲǤ͵͵ ȋSDǣ ͲǤͳʹ Ȃ nα͸ȌǢ CYR) WT ͳ͸͹ ͲǤͶͶ ȋSDǣ ͲǤͳͻ Ȃ nαͳʹ cellsȌ and CYR) RͳͷͷȀͳͷ͸D ǦͲǤʹ͵ ȋSDǣ ͲǤͲͷ Ȃ nα͸ cellsȌǤ  CYR)Ǧͳ͸ͺ GFP did not coǦlocalise with a control mitochondrial reporter mCherryǦgemAtail ͳ͸ͻ ȋPCC α ǦͲǤͲ͸Ȍ ȋSDǣ ͲǤͳͷ Ȃ nα͸ cellsȌǤ  Thusǡ CYR) interacts with activated Racͳǡ ͳ͹Ͳ mediated by key conserved argininesǡ in both mammalian and Dictyostelium ͳ͹ͳ cellsǤ ͳ͹ʹ  ͳ͹͵ 
CYRI opposes recruitment of the Scar/WAVE complex to lamellipodia ͳ͹Ͷ Knockdown or knockout of CYRI-B by siRNA or CR)SPR in COSǦ͹ or C(LǦͳ cells ͳ͹ͷ did not affect proliferationǡ but promoted unusually large and broad lamellipodia ͳ͹͸ highly enriched in WAVEʹ (Fig. 3a-b, Supplementary Fig. 3a-g and ͳ͹͹ 
Supplementary Fig. 7)Ǥ  Cells spread over a larger area and adopted a ǲfriedǦͳ͹ͺ eggǳ phenotypeǡ correlating with an increase in circularity (Fig. 3c-d, ͳ͹ͻ 
Supplementary Fig. 3e-g)Ǥ Expression levels of ScarȀWAVE complex subunits ͳͺͲ are not obviously altered in cyri-b knockout cells (Supplementary Fig. 3h and ͳͺͳ 
Supplementary Fig. 7)Ǥ  Cell area and circularity were both rescued by reǦͳͺʹ expression of untagged CYR)ǦBWTǡ but not the RacͳǦnonbinding Rͳ͸ͲȀͳ͸ͳD ͳͺ͵ mutant (Fig. 3e-f, Supplementary Figure 3i-k and Supplementary Fig. 7)Ǥ  ͳͺͶ CYR)ǦBGʹA which cannot be NǦmyristoylated failed to rescue the phenotype (Fig. ͳͺͷ 
3g-h, Supplementary 3l-m and Supplementary Fig. 7), reinforcing the ͳͺ͸ importance of CYR) lipid modificationǤ cyri knockout Dictyostelium cells also ͳͺ͹ showed enhanced recruitment of the ScarȀWAVE complex ȋGFPǦ(SPC͵ͲͲ ͳͺͺ reporterȌ to a much broader leading edge (Supplementary Fig. 3n � yellow ͳͺͻ 
dotted line and Supplementary Movie 1)Ǥ Moreoverǡ ScarȀWAVE patches in ͳͻͲ 
cyri knockout cells are illǦdefined but longerǦlivedǡ suggesting CYR)ǯs ability to ͳͻͳ suppress ScarȀWAVE complex activity outside of active protrusionsǤ ͳͻʹ ȋSupplementary Fig. 3n, heat map).  We conclude that CYR)ǡ via its interaction ͳͻ͵ with active Racͳ and membrane targetingǡ opposes active ScarȀWAVE complex ͳͻͶ 
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at the plasma membrane and thus drives the formation of more focused and ͳͻͷ sharper lamellipodial protrusionsǤ ͳͻ͸  ͳͻ͹ To determine the requirement for Racͳ for the phenotype of cyri-b knockout ͳͻͺ cellsǡ we coǦdepleted Racͳ and CYR)ǦB from mouse tail skin fibroblasts with ͳͻͻ ROSAʹ͸ǦCreǣǣERTʹΪǢp16Ink4aǦȀǦǡ Rac1flȀfl  genotypeʹͶǡ treated with ʹͲͲ hydroxytamoxifen ȋO(Tǡ to induce deletion of Rac1Ȍ and then with siRNA against ʹͲͳ 
Cyri-b ȋSupplementary Fig. 3o and Supplementary Fig. 7ȌǤ  Deletion of Rac1 ʹͲʹ led to a spindleǦshaped morphology and a loss of lamellipodia as previously ʹͲ͵ described ʹͷǦʹ͹Ǥ  Loss of CYR)ǦB did not cause excessive lamellipodia or rescue ʹͲͶ circularity in RacǦdeleted cells (Fig. 3i-k). Thusǡ Racͳ is absolutely required for ʹͲͷ CYR)ǦB driven actin reorganisationǤ ʹͲ͸  ʹͲ͹ The increased circularity of cyri-b depleted cells is reminiscent of Racͳ ʹͲͺ hyperactivation phenotypesʹͺǡ suggesting that CYR)ǦB might buffer Racͳ activityǤ ʹͲͻ )ndeedǡ a dark acceptor mTqʹǦsREAC( Raichu FRET probeʹͻǡ ͵Ͳ showed a ʹͳͲ consistent increase in Racͳ signaling activity in CYR)ǦB depleted cellsǡ as ʹͳͳ measured by FRET efficiency in both COSǦ͹ (Fig. 3l-m) and C(LǦͳ cells ʹͳʹ 
(Supplementary Figure 3p-q), which was confirmed by biochemical pulldown ʹͳ͵ 
(Fig. 3n-o and Supplementary Fig. 7)Ǥ  Togetherǡ these data indicate an ʹͳͶ increase in Racͳ signaling activity in CYR)ǦB depleted cellsǤ  Converselyǡ ʹͳͷ inducible overexpression of untagged CYR)ǦB (Supplementary Fig. 4a-b and ʹͳ͸ 
Supplementary Fig. 7) resulted in fractalǦlike lamellipodiaǡ decreasing WAVEʹ ʹͳ͹ recruitmentǡ cell area and circularity (Fig. 4a-d, Supplementary Fig. 4c-f � ʹͳͺ VehicleǦtreated controls)Ǥ  )n parallelǡ overexpression of CYR)ǦB also drove a ʹͳͻ decrease in the Racͳ activity signal of the Raichu FRET probe ȋFig. 4e-f) which ʹʹͲ was fully reversed by an Rͳ͸ͲȀRͳ͸ͳ double mutation (Fig. 4g)Ǥ Thusǡ CYR)ǦB ʹʹͳ opposes RacͳǦScarȀWAVE mediated expansion of lamellipodia protrusionsǤ  ʹʹʹ Adding a GFPǦtag to either end of CYR)ǦB interfered with its functionǡ precluding ʹʹ͵ dynamic analysisǡ likewiseǡ available antibodies to FamͶͻB did not give specific ʹʹͶ staining by immunofluorescenceǡ but CYR)ǦBǦFLAG showed significant coǦʹʹͷ enrichment with WAVEʹ at leading pseudopods (Fig. 4h-i)Ǥ  Thus CYR) coǦʹʹ͸ accumulates with WAVEʹ at lamellipodia protrusionsǤ Overallǡ cyri-b knockout ʹʹ͹ cells show broader ScarȀWAVE driven lamellipodia and increased Racͳ ʹʹͺ activationǡ supporting a role for CYR)ǦB as a buffer of Racͳ and ScarȀWAVE ʹʹͻ complex activation activity at the leading edges of cellsǤ ʹ͵Ͳ  ʹ͵ͳ 
CYRI regulates the duration and extent of protrusions ʹ͵ʹ We next sought to determine the consequences of CYR)ǦB depletion for ʹ͵͵ lamellipodial actin dynamicsǤ  Firstǡ we observed actin dynamics live using fast ʹ͵Ͷ frameǦrate videos in C(LǦͳ cells expressing GFPǦLifeact (Fig. 5a � Left panel and ʹ͵ͷ 
Supplementary Movie 2).  We tracked the cell edge and used unwrapped ʹ͵͸ ȋpolarȌ kymographs ȋFig. 5a middle panelsȌ to visualise and measure the area of ʹ͵͹ protrusion (yellow colour) versus retraction (purple colour) over timeǤ  Control ʹ͵ͺ cells showed small but rapid bursts of actinǦbased protrusion ȋyellow patches on ʹ͵ͻ kymographȌǡ while cyri-b knockouts had longerǦlived less dynamic responses ʹͶͲ 
(Fig. 5a,b)Ǥ )f CYR)ǦB buffers Racͳ at the lamellipodiumǡ we speculated that cyri-ʹͶͳ 
b knockout cells would struggle to restrain protrusion formation upon Racͳ ʹͶʹ activationǤ To investigate thisǡ we used the RacͳǦLOV optogenetic probeǡ which ʹͶ͵ 
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triggers activation of Racͳ with blue light ͵ͳǤ Racͳ was activated with pulses of ʹͶͶ blue light in a discrete area on the cell periphery (Fig. 5c-d and Supplementary ʹͶͷ 
Movie 3)Ǥ  Cyri-b knockout cells showed a more sustained and extensive ʹͶ͸ protrusion response and increased peripheral propagation of lamellipodia (Fig. ʹͶ͹ 
5e-g)Ǥ  Thusǡ CYR)ǦB limits RacͳǦ mediated activation of the ScarȀWAVE complex ʹͶͺ and shortens the RacͳǦactivated protrusionǤ ʹͶͻ 
 ʹͷͲ 
CYRI focuses actin assembly in leading pseudopods to promote plasticity of ʹͷͳ 
migration ʹͷʹ Plasticity of protrusion is important for directional migrationǡ such as during ʹͷ͵ chemotaxisǤ C(LǦͳ melanoma cells are normally nearly static when seeded at ʹͷͶ low density in ʹDǦcultureǡ but cyri-b knockout cells migrated ͳǤͷǦʹǦfold faster ʹͷͷ ȋFig. 6a-b and Supplementary Movie 4ȌǤ  Cyri-b knockout cells frequently ʹͷ͸ assumed a CǦshapeǡ with a broad spread lamellipodium at the front half of the ʹͷ͹ cell and a convex rear which resembled the fastǦmoving goldfish keratocyte ͵ʹ ʹͷͺ 
(Supplementary Fig. 5a yellow arrows, Supplementary Movie 4)Ǥ  CǦshaped ʹͷͻ cells moved faster than the other common shapes (Fig. 6c,d) and CǦshape ʹ͸Ͳ correlated with faster migration (Fig. 6e-f and Supplementary Fig. 5b-c)Ǥ ʹ͸ͳ Lamellipodia need to be polarized and dynamic for efficient cell migrationʹ͹ǡ ͵͵ǡ ʹ͸ʹ so when cyri-b knockout cells became polarized into a CǦshapeǡ they gained ʹ͸͵ motilityǤ  ʹ͸Ͷ  ʹ͸ͷ Since cells need to maintain plasticity of their lamellipodia to respond effectively ʹ͸͸ to directional cues͵Ͷǡ we predicted that depletion of CYR)ǦB would affect ʹ͸͹ chemotactic migrationǤ  C(LǦͳ cells are not chemotactic to serumǡ but WMͺͷʹ ʹ͸ͺ melanoma cells are highly chemotactic͵ͷǤ  Loss of CYR)ǦB ȋSupplementary Fig. ʹ͸ͻ 
5d-e and Supplementary Fig. 7Ȍ severely affected chemotaxis of these cells ʹ͹Ͳ towards a ͳͲΨ serum gradient with no effect on basal speedǢ Knockouts often ʹ͹ͳ migrated very long distances in the opposite direction to the chemoattractant ʹ͹ʹ gradientǡ having lost the plasticity to reorient toward the gradient (Fig. 6g-i and ʹ͹͵ 
Supplementary Movie 5)Ǥ  Thusǡ CYR)ǦB strongly impacts how cells polarize and ʹ͹Ͷ remodel their lamellipodia and reorient during directed migrationǤ ʹ͹ͷ  ʹ͹͸ 
CYRI promotes pseudopod splitting and opposes persistent migration in ʹ͹͹ 
Dictyostelium ʹ͹ͺ We examined Dictyostelium cells ȋAx͵ǡ cyri knockout and rescue Ǧ ʹ͹ͻ 
Supplementary Fig. 5f and Supplementary Fig. 7Ȍ migrating under agarose up ʹͺͲ selfǦgenerated gradients of the chemoattractant folate͵͸ (Supplementary Fig. ʹͺͳ 
5gȌǤ  Similar to C(LǦͳ cellsǡ cyri knockout cells were rounderǡ with blunted ʹͺʹ pseudopods (Fig. 6j-k, Supplementary Movies 6-7).  Dictyostelium cells ʹͺ͵ primarily turn by splitting their leading pseudopod into differentlyǦoriented ʹͺͶ daughtersͺǢ automated segmentation and tracking revealed that cyri knockouts ʹͺͷ generated fewer protrusionsȀmin (Fig. 6l) and showed fewer splits ȋfrom ʹͺ͸ ̱ͷȀmin to ̱ʹȀminǡ Fig. 6m) and decreased speed (Fig. 6n)Ǥ  Cells still oriented ʹͺ͹ towards the folate gradientǡ but their less efficient turning was clearly reflected ʹͺͺ by a smaller angle of turn between steps ȋSupplementary Fig. 5hȌǤ  Thusǡ CYR) ʹͺͻ promotes pseudopod splitting in Dictyostelium cellsǡ which is dispensible for ʹͻͲ gradient sensingǡ but compromises the speed of migration and reorientation ʹͻͳ while steeringǤ ʹͻʹ 
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 ʹͻ͵ We rescued Dictyostelium cyri knockouts with CYR)WT or CYR)RͳͷͷȀͳͷ͸D as stableǡ ʹͻͶ singleǦcopy transfectants͵͹ under an actinͳͷ promoter ȋFig. 6 j-n, ʹͻͷ 
Supplementary Movies 6-7ȌǤ  CYR)WT expressing cells exhibited more ʹͻ͸ numerous fractal pseudopods as well as decreased circularity and enhanced ʹͻ͹ frequency of protrusion generation and pseudopod splitting ȋFig. 6j-mȌ even ʹͻͺ over WT cellsǤ Rescue with CYR)WT also restored cellsǯ ability to turn during ʹͻͻ chemotaxis ȋSupplementary Fig. 5hȌǤ ͵ͲͲ  ͵Ͳͳ Another widelyǦ used chemotaxis assay involves a chemoattractantǦfilled ͵Ͳʹ microneedle introduced just next to Dictyostelium cellsǡ inducing new ͵Ͳ͵ pseudopods directly toward the needleǡ and consequently reorienting the cellsǤ  ͵ͲͶ When cyclicǦAMP ȋcAMPȌǦsensitive cyri knockout or rescue cells were challenged ͵Ͳͷ with cAMP in a needle assayǡ cyri knockouts were initially unable to form new ͵Ͳ͸ pseudopods (Fig. 6o)ǡ while CYR)WT cells rapidly protruded pseudopods and ͵Ͳ͹ reoriented toward the needle (Figure 6o-p and Supplementary Movie 8)Ǥ  Cyri ͵Ͳͺ knockouts eventually elongated and streamed toward the needleǡ but they ͵Ͳͻ maintained resistance to new pseudopod formation and rapid reorientationǤ  ͵ͳͲ Thusǡ cells that lack CYR) can still sense an attractant gradientǡ but their broad ͵ͳͳ and unfocussed protrusions split rarelyǡ and their diminished ability to generate ͵ͳʹ new pseudopods cripples their response to changing gradientsǤ ͵ͳ͵  ͵ͳͶ 
 ͵ͳͷ  ͵ͳ͸ 
Modeling CYRI�s role in pseudopod plasticity ͵ͳ͹ Since CYR) affects plasticity of pseudopod dynamicsǡ we likened its activity to the ͵ͳͺ mathematical model of Meinhardt ͵ͺǡ where local inhibitors are recruited by an ͵ͳͻ activation signal and limit the amount of cell edge devoted to pseudopodsǤ  Actin ͵ʹͲ assembly pathways are not linear cascadesǡ but rather feedback loops where ͵ʹͳ positive stimulation is selfǦreinforcing and causes further activation until ͵ʹʹ overcome by negative feedbackͳǡ ͳͲǤ  )n models of migration based around ͵ʹ͵ positive feedbackǡ a locallyǦacting inhibitor is also needed to destabilise existing ͵ʹͶ pseudopodsǡ so the cell can change directionǤ Without thisǡ cells polarizeǡ but ͵ʹͷ cannot turn to migrate toward an attractantǤ  We used a modified version of a ͵ʹ͸ published simulation͵ͻ based on the Meinhardt model͵ͺ to visualise the ͵ʹ͹ concentrations of the activator and the local inhibitor at the cell edge ͵ʹͺ 
(Supplementary Fig. 5i and Supplementary Movie 9)ǡ to illustrate the how ͵ʹͻ CYR)ǦB regulates Racͳ and ScarȀWAVE signalingǤ  A peak in the activator ȋwhich ͵͵Ͳ represents active Racͳ and ScarȀWAVEȌ results in the formation of a new ͵͵ͳ pseudopodǤ  The peak also causes an increase in the concentration of the local ͵͵ʹ inhibitorǡ which is smaller and thus diffuses faster͵ͺǤ  )nitiallyǡ the inhibitor limits ͵͵͵ the lateral spread of the pseudopod ȋSupplementary Fig. 5iǡ panel ͳȌǢ laterǡ ͵͵Ͷ levels of inhibitor rise in the middle of the pseudopodǡ destabilizing it and ͵͵ͷ causing a split ȋSupplementary Fig. 5iǡ panel ʹȌǤ The weaker of the pseudopods ͵͵͸ then retracts and the stronger is reinforced until the cycle of inhibition catches ͵͵͹ up with it and reǦstarts the splitting cycle ȋSupplementary Fig. 5iǡ panels ͵ǦͶȌǤ  ͵͵ͺ The local inhibitor thus increases both the morphological complexity of the cell ͵͵ͻ and the competition between pseudopodsǤ This is supported by the lack of ͵ͶͲ pseudopod splitting in Dictyostelium and our optogenetic data showing that ͵Ͷͳ 
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protrusions in cyri knockout cells are more longǦlived and spread laterally to a ͵Ͷʹ greater extentǤ  Thusǡ Meinhardtǯs model offers insight into the role of CYR) ͵Ͷ͵ proteins as local inhibitorsǡ which enhance leading edge dynamics and add ͵ͶͶ plasticity to the positive feedback loops driving migrationǤ ͵Ͷͷ  ͵Ͷ͸ 
CYRI-B regulates epithelial polarity via a Rac1-dependent mechanism ͵Ͷ͹ Finallyǡ we tested a role for CYR)ǦB the polarized epithelial cyst ͶͲǡ Ͷͳ where ͵Ͷͺ asymmetric Racͳ activation is also crucialǤ  As cells form a cystǡ they establish a ͵Ͷͻ lumen via selective membrane trafficking and polarized recruitmentȀactivation ͵ͷͲ of cytoskeletal componentsͶʹǤ Specific spatial regulation is dependent on matrix ͵ͷͳ and adhesionsǡ but Racͳ activation also regulates lumen formationͶ͵ and is ͵ͷʹ specified by differential recruitment of the GEF T)AMͳ across the cystǡ leading to ͵ͷ͵ an apicoǦbasal activation gradientͶͲǤ We hypothesized that CYR)ǦB might help ͵ͷͶ maintain the Racͳ activation gradientǡ allowing ScarȀWAVE complex ͵ͷͷ recruitment and activation to be spatially controlled during cyst formationǤ  ͵ͷ͸ )ndeedǡ knockdown of CYRI-B using shRNA in MDCK cells (Supplementary Fig. ͵ͷ͹ 
6a-b and Supplementary Fig. 7) led to a multilumen phenotype during cyst ͵ͷͺ formationǡ similar to deregulation of active Racͳ ȋFigure 7a-bǡ ͶʹȌǤ WAVEʹ is ͵ͷͻ normally prominently localized to the basolateral surfaces of the cystsǡ but ͵͸Ͳ mostly absent from the luminal surfaceǡ as marked by podocalyxin ȋPODXLȌ (Fig. ͵͸ͳ 
7c)Ǥ (oweverǡ when CYR)ǦB was depletedǡ WAVEʹ staining was increased at the ͵͸ʹ luminal periphery coincident with PODXL staining (Fig. 7c)Ǥ  Mislocalisation of ͵͸͵ the actin cytoskeleton machinery to cyst luminal surfaces results in aberrant ͵͸Ͷ orientation of the mitotic cleavage plane during polarized cell divisionǡ which ͵͸ͷ occurred in cyri-b knockdown cysts (Supplementary Fig. 6c-e)Ǥ  To test ͵͸͸ whether the multilumen phenotype was due to inappropriate Racͳ activationǡ ͵͸͹ we used moderate concentrations of either E(Tͳͺ͸Ͷ (Fig. 7d-e) or NSCʹ͵͹͸͸ ͵͸ͺ 
(Supplementary Fig. 6f) to dampen Racͳ activityǢ these both provided a ͵͸ͻ substantial rescueǤ  Thusǡ loss of CYR)ǦB destabilised epithelial polarity during ͵͹Ͳ the formation of epithelial cell cysts by allowing inappropriate RacͳǦmediated ͵͹ͳ recruitment of the actin machinery to the nascent luminal surfaceǤ CYR)ǦB thus ͵͹ʹ maintains spatial regulation of activation of the ScarȀWAVE complex by dynamic ͵͹͵ buffering of RacͳǤ ͵͹Ͷ  ͵͹ͷ 
Discussion ͵͹͸ 
CYRI is highly conserved and DUF1394 represents a Rac1 interaction ͵͹͹ 
module ͵͹ͺ CYR) proteins are highly conserved in eukaryotes and function as a Racͳ ͵͹ͻ interaction module that directly limits RacͳǦmediated lamellipodia extensionǤ  ͵ͺͲ The DUFͳ͵ͻͶ domain of CYR) comprises the Racͳ binding site and is shared with ͵ͺͳ CYF)P proteins of the ScarȀWAVE complexǤ  This interaction requires two highly ͵ͺʹ conserved arginineȀlysine residuesǡ previously described on CYF)Pͳ͵Ǥ CYR)ǡ like ͵ͺ͵ CYF)Pͳǡ is specific for activated Racͳ over RhoA and CdcͶʹǤ  Myristoylation of ͵ͺͶ glycine ʹ of CYR) may allow recycling of CYR) between active pseudopods and ͵ͺͷ the cytoplasm or membrane vesicles ͶͶǤ The RacͳǦinteracting formin FMNLʹ is ͵ͺ͸ also myristoylatedͶͷǡ implying potential common mechanisms for recruitment to ͵ͺ͹ actin protrusionsǤ  CYR) has no homology to GTPase activating proteins ȋGAPsȌǡ ͵ͺͺ so it likely doesnǯt alter nucleotide hydrolysis by RacͳǤ Why would a cell need ͵ͺͻ CYR) if it has RacǦGAPsǫ We propose CYR) could be a specific buffer for ͵ͻͲ 



 ͳͲ

ScarȀWAVEǦdriven lamellipodia plasticityǡ rather than a general protein to turn ͵ͻͳ off RacͳǤ ͵ͻʹ  ͵ͻ͵ 
CYRI opposes recruitment of active Scar/WAVE complex to leading edges ͵ͻͶ 
and promotes plasticity ͵ͻͷ  ͵ͻ͸ Modulating the levels of CYR) differently affected cell speed in the cell types we ͵ͻ͹ assayedǤ  While this may seem paradoxicalǡ the basal speeds of these cell types ͵ͻͺ and modes by which they migrate are differentǤ  Furthermoreǡ migration speed is ͵ͻͻ multiparametricǡ being the result of a combination of protrusionǡ adhesion and ͶͲͲ directionalityȀpersistenceǤ  Migration speed is thought to require optimal levels ͶͲͳ of Racͳ activation and can be slowed by too littleȀmuch active Racͳ͵͵Ǥ ͶͲʹ 
Dictyostelium are optimized by nature to be fastǦmoving and relatively nonǦͶͲ͵ adhesiveǡ so nearly any change will result in slower migrationǤ  )n contrastǡ the ͶͲͶ speed of adhesive slowǦmoving cancer cells may benefit from removing the ͶͲͷ brakes on Racͳ activityǤ ͶͲ͸  ͶͲ͹ Negative regulators of ArpʹȀ͵ complex have been described ͳͳǡ ͳʹǡ Ͷ͸ǡ but thus farǡ ͶͲͺ CYR) is the only negative regulator of the ScarȀWAVE complexǤ  )mportantlyǡ it is ͶͲͻ widely conserved in evolution along with the ScarȀWAVE complexǡ so is a ͶͳͲ universal negative regulatorǤ  CYR) and CYF)P likely resulted from an ancient Ͷͳͳ gene duplication and retained the same Racͳ binding functionǡ placing CYR) as a Ͷͳʹ Meinhardt local inhibitor͵ͺǤ  But a local inhibitor should be present at high Ͷͳ͵ enough concentration to compete with the activatorǤ  A recent quantitative mass ͶͳͶ spectrometry study estimated concentrations of CYR)ǦB to be ͶǦfold higher in Ͷͳͷ protein copy number than ScarȀWAVE complex Ͷ͹ in ͵ of Ͷ cell lines ȋAͷͶͻ ͶǦͶͳ͸ foldǡ (epGʹ ͷǦfoldǡ PC͵ ͶǤͶǦfold and Uͺ͹ ͲǤͷ͵Ǧfoldǡ based on comparison with Ͷͳ͹ CYF)PͳȌǤ  Thusǡ there is likely enough CYR)ǦB in cells to compete with the Ͷͳͺ ScarȀWAVE complex for Racͳ bindingǤ Ͷͳͻ  ͶʹͲ 
CYRI provides spatiotemporal regulation of the connection between Rac1 Ͷʹͳ 
and Scar/WAVE complex Ͷʹʹ Cell migration involves cycles of protrusion and retraction coupled with Ͷʹ͵ adhesion to produce forward locomotion ͶͺǤ Cells with wildǦtype levels of CYR) ͶʹͶ showed rapid protrusionǦretraction dynamics indicative of transient activation Ͷʹͷ of the ScarȀWAVE complex ȋeǤgǤ kymograph Fig. 5aȌǤ  cyri knockouts showed Ͷʹ͸ broader and more sustained lamellipodia and increased ScarȀWAVE Ͷʹ͹ recruitmentǡ placing CYR) as a key part of the feedback loop controlling leading Ͷʹͺ edge actin dynamicsǡ in line with Arpinǡ a negative regulator of the ArpʹȀ͵ Ͷʹͻ complex ͳʹ and coroninǡ which positively regulates Racͳ activation Ͷͻǡ ͷͲǡͳǤ  Ͷ͵Ͳ Breaking the feedback loop by deleting CYR) affected both ScarȀWAVE Ͷ͵ͳ recruitment and Racͳ signalling activityǤ  Thusǡ the actin machinery feeds back to Ͷ͵ʹ Racͳ dynamicallyǤ  This dynamic feedback is necessary for cells to change Ͷ͵͵ direction and respond with plasticity to stimuli such as chemotactic gradientsǤ Ͷ͵Ͷ  Ͷ͵ͷ CYR) also regulates polarized function of RacͳǦScarȀWAVE complex in epithelial Ͷ͵͸ cells in ͵DǤ Epithelial cells establish a Racͳ gradient that maintains polarity by Ͷ͵͹ asymmetric distribution of βʹǦsyntrophin and Par͵ ͶͲǤ  Par͵ǡ localized apicallyǡ Ͷ͵ͺ inhibits the RacǦGEF T)AMͳǡ while βʹǦsyntrophinǡ localized basallyǡ activates Ͷ͵ͻ 



 ͳͳ

T)AMͳǤ  This gradient is required for proper luminogenesisǤ  CYR) helps direct ͶͶͲ formation of a single polarized lumen by regulating the Racͳ gradient required ͶͶͳ for proper spindle orientationǤ A role for CYR) in epithelia could have broad ͶͶʹ implications for development and cancerǤ ͶͶ͵  ͶͶͶ Cell migration is the outcome of feedback loops that control the dynamics of cell ͶͶͷ shapes ͳͲǡ ͵ͺǡ ͷͳǦͷ͵Ǥ  Travelling and spreading wave patterns ȋfor example ͳͲǡ ͷͳȌ ͶͶ͸ manifest in actinǦbased protrusionsǡ implying positive feedback loopsǤ  (oweverǡ ͶͶ͹ negative feedback is also required͵ͺ to prevent uniform activationǤ  Actin and ͶͶͺ actinǦbinding proteins can comprise an excitable system ͳͲǡ ͷʹ also  modulated by ͶͶͻ systems involving small GTPasesǡ kinases and signaling lipids eǤgǤͻǤ  Our data ͶͷͲ imply that CYR) acts at the interfaceǢ by competing with ScarȀWAVE ȋan actinǦͶͷͳ nucleating complexȌ for Racͳ ȋa small GTPaseȌ it connects signaling with actin Ͷͷʹ polymerizationǡ moderating excitable behavioursǤ Ͷͷ͵  ͶͷͶ )n conclusionǡ we propose that CYR) is a highly conserved regulator of the Ͷͷͷ dynamics of the Racͳ Ȃ ScarȀWAVE pathwayǡ providing plasticity and adding Ͷͷ͸ complexity to leading edge dynamicsǤ  Ͷͷ͹  Ͷͷͺ 
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Figure Legends Ͷͻ͵  ͶͻͶ 
Figure 1 - CYRI (Fam49) proteins show homology to CYFIP and contain a Ͷͻͷ 
putative Rac1 interaction motif Ͷͻ͸ 
 Ͷͻ͹ 
a Ȃ Volcano plot illustrating pooled results from four LCǦMSȀMS experiments Ͷͻͺ showing comparison of formaldehyde crosslinked proteins coǦͶͻͻ immunoprecipitating with GFP or GFPǦNAPͳ in Dictyostelium napA knockout ͷͲͲ cellsǤ ColorǦcoding based on twoǦtailed Welchǯs t test differenceǤ Curved line is ͷͲͳ ͷΨ false discovery rateǤ )dentified interactors are labeled with gene symbols and ͷͲʹ presented in Supplementary Table 2Ǥ ȋnαͶ independent experimentsȌǤ ͷͲ͵  ͷͲͶ 
b Ȃ Schematic of human CYF)PͳȀʹ and CYR)ǦAȀB showing amino acid numbers ͷͲͷ and domainsǤ Common DUFͳ͵ͻͶ domain ȋPfam PFͲ͹ͳͷͻȌ in red and CYF)PͳȀʹ ͷͲ͸ CǦterminal cytoplasmic Fragile X Mental Retardation FMRͳǦinteracting domain ͷͲ͹ ȋFragXǦ)Pǡ Pfam PFͲͷͻͻͶȌ in light greenǤ ͷͲͺ  ͷͲͻ 
c Ǧ Two views of ribbon crystal structure of the ScarȀWAVE complex ȋPDB ͷͳͲ ͵PͺCȌʹǤ NCKAPͳ in lilacǡ CYF)Pͳ in light green and redǡ ScarȀWAVE in peachǡ ͷͳͳ (SPC͵ͲͲ in yellow and AB)ͳ in orangeǤ DUFͳ͵ͻͶ is redǡ with putative Racͳ ͷͳʹ interaction residues in blue and highlighted by arrowsǤ ͷͳ͵  ͷͳͶ 
d Ȃ Phyre prediction of structure of the DUFͳ͵ͻͶ domain of CYR)ǦBǤ The putative ͷͳͷ RacͳǦbinding domain of CYR) is blue with Argͳ͸Ͳ and Argͳ͸ͳ indicated as a ͷͳ͸ stick representationǤ ͷͳ͹  ͷͳͺ 
e Ǧ Sequence alignment of the putative RacͳǦbinding domain of CYR) in different ͷͳͻ organismsǤ The CYF)P Lysͳͺͻ and ArgͳͻͲ equivalent residues are well ͷʹͲ conserved in CYR) ȋArgͳ͸Ͳ and Argͳ͸ͳȌ and are highlighted in redǤ ͷʹͳ  ͷʹʹ 
f Ǧ Sequence alignment covering the NǦterminal region of CYR) from ͷʹ͵ representative evolutionarily diverse eukaryotesǤ UniProt accession numbers are ͷʹͶ reportedǤ Color code represents the number of entries with an identical amino ͷʹͷ acid at this positionǤ The glycine in the ʹnd position ȋhighlighted redȌ is a putative ͷʹ͸ myristoylation siteǤ ͷʹ͹  ͷʹͺ 
g-h Ǧ CL)CK chemistry analysis of the glycine ʹ of CYR)ǦBǤ Myristoylation was ͷʹͻ labeled in (EKʹͻ͵T cells and measured by incorporation of myristateǦazide ͷ͵Ͳ ȋgreenȌ in GFPǡ CYR)ǦBWTǦGFP or CYR)ǦBGʹAǦGFP mutant transfected cells ͷ͵ͳ ȋmagentaȌǡ following GFP immunoprecipitationǤ Molecular markers shown left ͷ͵ʹ ȋgȌ See also Supplementary Fig. 7 and Supplementary Table 6Ǥ Relative ͷ͵͵ incorporation was quantified by densitometry and reported in ȋhȌǤ One way ͷ͵Ͷ ANOVA with Tukey postǦtest was appliedǤ ȗȗȗ pδͲǤͲͲͳǤ ȋnα͵ independent ͷ͵ͷ assaysȌǤ Bar graph represents mean and SǤEǤMǤ ͷ͵͸ 
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Figure 2 - CYRI proteins interact with active Rac1 ͷ͵͹ 
 ͷ͵ͺ 
a-c Ǧ Western blot from pulldown of GST controlǡ GSTǦRacͳWT or GSTǦͷ͵ͻ RacͳQ͸ͳL  beadsǡ with cell lysate expressing either GFP aloneǡ positive control ͷͶͲ PAKͳ eCFPǦCR)BǦPBDǡ GFPǦRBDWTǡ GFPǦRBDRͳ͸ͲD or GFPǦRBDRͳ͸ͳD ȋaȌǤ ͷͶͳ Densitometry ȋb-cȌǤ ȋnα͵ independent experiments for GFPǦRBDRͳ͸ͲD and GFPǦͷͶʹ RBDRͳ͸ͳD and nαͶ for GFP and GFPǦRBDWTȌǤ ͷͶ͵  ͷͶͶ 
d-f Ǧ Western blot pulldown of GST controlǡ GSTǦRacͳPʹͻS or GSTǦRacͳQ͸ͳL or ͷͶͷ GSTǦRacͳPʹͻSȀQ͸ͳL beadsǡ with cell lysate expressing controls or CYR) GFPǦRBDWT ͷͶ͸ ȋdȌǤ Densitometry ȋe-fȌǤ ȋnα͵ independent experimentsȌǤ ͷͶ͹  ͷͶͺ 
g Ȃ Steady state SPR binding curves between RacͳQ͸ͳL and CYR)ǦBǦRBDǤ Leftǣ ͷͶͻ GSTǦCYR)ǦB immobilized vs increasing concentrations of RacͳQ͸ͳLǤ  Rightǣ (isǦͷͷͲ Racͳ immobilised vs increasing CYR)ǦB RBDǤ Simple ͳǣͳ binding modelǤ Kd α ͷͷͳ equilibrium dissociation constantǡ AǤUǤ α arbitrary unitsǤ ͷͷʹ  ͷͷ͵ 
hǦi Proximity ligation assay COSǦ͹ cells on laminin coǦexpressing CYR) and Racͳ ͷͷͶ constructsǤ  PLA signal ȋyellowȌǡ FǦactin ȋmagentaȌ and nuclei ȋblueȌǤ See ͷͷͷ 
Supplementary Fig. 2 Ǧnegative controlsǤ  Data pooled across Ͷ independent ͷͷ͸ experiments in (i)Ǥ OneǦway ANOVA with Dunnǯs postǦtest between CYR)ǦBWT ͷͷ͹ and MYCǦRacͳ constructsǤ TwoǦtailed Mann Whitney test between CYR)ǦBWT and ͷͷͺ CYR)ǦBRͳ͸ͲȀͳ͸ͳD for each MYCǦRacͳ constructǤ nǤsǤ pε ͲǤͲͷǡ ȗȗ pζͲǤͲͳǡ ȗȗȗ pζͲǤͲͲͳǤ ͷͷͻ ȋantiǦ(A nαͷͷǢ antiǦMyc nαͷͶǢ MycǦWTȀWTǦ(A nαͷͷǢ MycǦWTȀRͳ͸ͲǦͳ͸ͳDǦ(A ͷ͸Ͳ nαͷͷǢ MycǦTͳ͹NȀWTǦ(A nα͸͵Ǣ MycǦTͳ͹NȀ Rͳ͸ͲǦͳ͸ͳDǦ(A nαͺͶǢ MycǦͷ͸ͳ Q͸ͳLȀWTǦ(A nα͸ͻǢ MycǦQ͸ͳLȀ Rͳ͸ͲǦͳ͸ͳDǦ(A nα͸ͷǡ where nαcellsȌ ͷ͸ʹ Scale barǡ ͷͲ ɊmǤ ͷ͸͵  ͷ͸Ͷ 
j Ǧ Mitochondrial recruitment of CYR)ǦGFP to RacͳAǦmCherryǦmito ȋForwardȌ or ͷ͸ͷ RacͳAPʹͻSȀQ͸ͳLmCherry to CYR)ǦGFPǦmito ȋReverseȌ in Ax͵ D. discoideumǤ ȋε͵ͲͲ ͷ͸͸ mitochondriaȀcellȌǤ Far right panels negative control lacking RacͳǤ  Scale barǡ ͷ ͷ͸͹ Ɋm ͷ͸ͺ  ͷ͸ͻ aǦj represent at least three biologically independent experimentsǤ Graphs show ͷ͹Ͳ mean and SǤEǤMǤ  Source data in Supplementary Table 6Ǥ Unprocessed Western ͷ͹ͳ blots in Supplementary Figure 7Ǥ  ͷ͹ʹ   ͷ͹͵ 



 ͳͶ

Figure 3 - Loss of CYRI-B increases Rac1-mediated Scar/WAVE localisation ͷ͹Ͷ 
to lamellipodia ͷ͹ͷ  ͷ͹͸ 
a-d Ǧ )mmunofluorescence of control ȋCtrȌ or cyri-b knockdown ȋsiRNA ͓ͳ and ʹȌ ͷ͹͹ COSǦ͹ showing WAVEʹ ȋgreenȌǡ nuclei ȋblueȌ and FǦactin ȋmagentaȌǤ Scale bar α ͷ͹ͺ ͷͲ ɊmǤ Box insets zoomǡ scale bar α ͳͲ ɊmǤ ͷ͹ͻ Ratio of WAVEʹ ȋyellow dotted lineȌ vs total cell perimeter ȋbȌǤ Cell area in ȋcȌ ͷͺͲ and circularity ȋdȌǤ OneǦway ANOVA with Dunnǯs postǦtest nǤsǤ pε ͲǤͲͷǡ ȗȗȗ ͷͺͳ 
pζͲǤͲͲͳǤ  ȋa-c: Scramble nαͳͳͳǢ ͓ͳ nαͻͷǢ ͓ʹ nαͻ͸ Ȃ dǣ Scramble nαͳͳͷǢ ͓ͳ ͷͺʹ nαͻʹǢ ͓ʹ nαͻͺȌ n represents cells in aǦoǤ ͷͺ͵  ͷͺͶ 
e-f ȂCOSǦ͹ with cyri-b knockdown and rescued with pL)XǦmVenus siǦresistant ͷͺͷ CYR)ǦB ȋWT or Rͳ͸ͲȀͳ͸ͳDȌ or empty vector ȋEVȌǤ ȋsee Supplementary Fig. 3lȌǤ ͷͺ͸ Cell area ȋeȌ and circularity ȋfȌǤ OneǦway ANOVA with Dunnǯs postǦtest nǤsǤ pε ͷͺ͹ ͲǤͲͷǡ ȗȗȗ pζͲǤͲͲͳǤ ȋScrambleȀEV nα͹ͺǢ ScrambleȀWT nαͷͺǢ ScrambleȀRͳ͸ͲǦͷͺͺ ͳ͸ͳD nα͸͸Ǣ ͓ͳȀEV nα͸͸Ǣ ͓ͳȀWT nα͸ͶǢ ͓ͳȀRͳ͸ͲǦͳ͸ͳD nα͸ͲȌǤ ͷͺͻ  ͷͻͲ 
g-h Ȃ Control or cyri-b knockdown COSǦ͹ with pL)XǦmVenus and siǦresistant ͷͻͳ CYR)ǦB ȋWT or GʹA mutantȌ or EVǤ Cell area ȋgȌ and circularity ȋhȌǤ OneǦway ͷͻʹ ANOVA with Dunnǯs postǦtest nǤsǤ pε ͲǤͲͷǡ ȗȗȗ pζͲǤͲͲͳǤ ȋScrambleȀEV nα͹ͲǢ ͷͻ͵ ScrambleȀWT nαͷʹǢ ScrambleȀGʹA nαͶ͸Ǣ ͓ͳȀEV nα͸͵Ǣ ͓ͳȀWT nα͸ͶǢ ͓ͳȀGʹA ͷͻͶ nα͸ͷȌ ͷͻͷ  ͷͻ͸ 
i-k Ǧ Control ȋDMSOȌ or rac1 knockout  ȋO(TȌ mouse tail fibroblasts with ͷͻ͹ Scramble ȋsiCtrȌ or Cyri-B siRNAǡ showing WAVEʹ ȋiȌǤ Scale bar α ͷͲ ɊmǤ ͷͻͺ Lamellipodial WAVEʹ ȋjȌ and circularity ȋkȌǤ OneǦway ANOVA with Dunnǯs postǦͷͻͻ test ȗȗȗ pζͲǤͲͲͳǤ twoǦtailed Mann Whitney test between O(T and controlǤ ͓͓͓ ͸ͲͲ 
pζͲǤͲͲͳǤ ȋnα͵Ͳ cellsȀconditionȌǤ ͸Ͳͳ  ͸Ͳʹ 
l-m Ǧ FL)MȀFRET of mTqʹǦsREAC( in control ȋsiCtrȌ or cyri-b knockdown ͸Ͳ͵ ȋsiCYR)ǦB ͓ͳ and ͓ʹȌ COSǦ͹Ǥ Jetʹ color code ȋleftȌ average lifetimeǡ ͳǦͶ ns blue to ͸ͲͶ redǤ ȋlȌǤ FRET efficiency ȋmȌǤ OneǦway ANOVA with Dunnǯs postǦtestǤ ȗȗȗ pζͲǤͲͲͳǤ ͸Ͳͷ ȋScramble nα͸ͳǢ ͓ͳ nα͸ͳǡ ͓ʹ nα͸͵Ȍ ͸Ͳ͸ Scale bar α ͷͲ Ɋm ͸Ͳ͹  ͸Ͳͺ 
n-o Ǧ Active Racͳ pulldown comparing control CrispR ȋVectorCtrȌ or  independent ͸Ͳͻ 
cyri-b CrispR ȋ͓ͳ and ͓ʹȌ COSǦ͹ linesǤ See also Supplementary FigǤ ͹Ǥ ͸ͳͲ  ͸ͳͳ Data in aǦo represent three biologically independent experimentsǤ  All cells ͸ͳʹ plated on lamininǤ  See also Supplementary Table ͸Ǥ ͸ͳ͵ Bar and scatter plots show data points with mean and SǤEǤMǤ ͸ͳͶ Whisker plots show ͳͲǦͻͲ percentileǡ median ȋbarȌ and mean ȋcrossȌǤ ͸ͳͷ   ͸ͳ͸ 



 ͳͷ

Figure 4 - Overexpression of CYRI-B opposes Rac1-mediated Scar/WAVE ͸ͳ͹ 
recruitment to the leading edge ͸ͳͺ  ͸ͳͻ 
a-d Ǧ )mmunofluorescence of doxycyclineǦinduced control empty vector ȋEVȌ or ͸ʹͲ CYR)ǦB overexpression in COSǦ͹ cells and fixed after Ͷh showing WAVEʹ ͸ʹͳ ȋmagentaȌǡ nuclei ȋblueȌ and GFP ȋgreenȌǤ Scale bar α ͷͲ ɊmǤ )nsets show zoom ͸ʹʹ of white dashed fieldǤ Scale bar α ͳͲ Ɋm ȋaȌǤ WAVEʹ ratio and circularity in ȋbȌ ͸ʹ͵ and ȋcȌ respectivelyǤ Cell area quantification was based on phalloidin staining ͸ʹͶ ȋdȌǤ TwoǦtailed MannǦWhitney test ȗȗȗ pζͲǤͲͲͳǤ ȋDoxȀEV nα͹͵Ǣ DoxȀCYR)ǦB ͸ʹͷ nαͻ͵Ȍ n represents cells in aǦi ͸ʹ͸  ͸ʹ͹ 
e-f Ǧ FL)MȀFRET experiment with mTqʹǦsREAC( Raichu Racͳ showing vehicle ͸ʹͺ or doxycyclineǦtreated COSǦ͹ cells expressing a control empty vector ȋEVȌ or ͸ʹͻ CYR)ǦBǤ The jetʹ color code ȋbar at topȌ shows the average lifetime of the probeǡ ͸͵Ͳ spanning ͳǦͶ ns ȋblue to redȌ ȋeȌǤ Quantification of the FRET efficiency ȋfȌǤ TwoǦ͸͵ͳ tailed MannǦWhitney test nǤsǤ pε ͲǤͲͷǡ ȗȗȗ pζͲǤͲͲͳǤ ȋVehȀEV nαͶ͹Ǣ VehȀCYR)ǦB ͸͵ʹ nαͶ͸Ǣ DoxȀEV nα͸ʹǢ DoxȀCYR)ǦB nα͸ʹȌ ͸͵͵ Scale bar α ͷͲ ɊmǤ ͸͵Ͷ  ͸͵ͷ 
g Ǧ FRET efficiency obtained from control ȋEVȌ or COSǦ͹ cells overexpressing ͸͵͸ CYR)WT or CYR)ǦBRͳ͸ͲȀͳ͸ͳD after doxycycline inductionǤ OneǦway ANOVA with ͸͵͹ Dunnǯs postǦtest was performedǤ nǤsǤ pε ͲǤͲͷǡ ȗȗȗ pζͲǤͲͲͳǤ ȋEV nαͷͻǢ WT nα͸ʹǢ ͸͵ͺ Rͳ͸ͲȀͳ͸ͳD nα͸͵ȌǤ ͸͵ͻ 
h-i Ǧ )mmunofluorescence of COSǦ͹ cells transfected with CYR)ǦBǦFLAG and ͸ͶͲ stained for FLAGǦtag ȋgreenȌǡ FǦactin ȋtop rowȌ or WAVEʹ ȋbottom rowȌ ͸Ͷͳ ȋmagentaȌ and nuclei ȋblueȌǤ Scale bar α ͷͲ Ɋm ȋhȌǤ FLAGǦstaining is ͸Ͷʹ quantified by normalizing the fluorescence intensity running across ͳ͹ ͸Ͷ͵ representative cells and ending at the protrusive end ȋnormalized distanceǣ ͸ͶͶ ͳαprotrusive end and Ͳαopposite endȌǤ FLAGǦtag and FǦactin staining ͸Ͷͷ intensity are shown in green and magenta respectively ȋiȌ ȋnαͳ͹ȌǤ ͸Ͷ͸  ͸Ͷ͹  ͸Ͷͺ Data in aǦi represent three biologically independent experimentsǤ ͸Ͷͻ See also Supplementary Table ͸Ǥ ͸ͷͲ Bar and scatter plots show data points with mean and SǤEǤMǤ ͸ͷͳ Whisker plots show ͳͲǦͻͲ percentileǡ median ȋbarȌ and mean ȋcrossȌǤ ͸ͷʹ  ͸ͷ͵   ͸ͷͶ 



 ͳ͸

Figure 5 - CYRI-B controls the duration and extent of Rac1-mediated ͸ͷͷ 
protrusions ͸ͷ͸ 
 ͸ͷ͹ 
a Ǧ Control ȋVector CtrȌ and cyri-b CrispR knockout C(LǦͳ cells on laminin ͸ͷͺ expressing GFPǦLifeActǡ recorded for ͵ minutes at ͳ frameȀsecǤ The cell ͸ͷͻ periphery ȋmagentaȌ is tracked using the GFPǦLifeAct signal ȋgreenȌ ȋLeft panelȌǤ ͸͸Ͳ The membrane is unravelled from the orange arrow and a representative polar ͸͸ͳ kymograph of the changes in membrane dynamics over time between control ͸͸ʹ ȋVector Ctr Ǧ TopȌ and cyri-b CrispR knockout ȋBottomȌ C(LǦͳ cells is shownǤ ͸͸͵ Membrane extensions ȋpositive valuesȌ are visualised in yellow through to ͸͸Ͷ orangeǡ while retractions ȋnegative valuesȌ are purpleǦblue ȋMiddle ͸͸ͷ panelȌǤ Thresholding of the kymograph to remove noise ȋvalues η Ϊ ͲǤ͸Ȍ reveals ͸͸͸ protrusions over time ȋwhite signal Ȃ Right panelȌ ͸͸͹ Still from movie SʹǤ Scale bar α ʹͷ ɊmǤ  ͸͸ͺ  ͸͸ͻ 
b Ǧ Box plot representing the distribution of the average protrusion lifetime for ͸͹Ͳ each individual cellǤ Whisker plots represent mean and SǤDǤ TwoǦtailed Mann ͸͹ͳ Whitney testǤ ȗȗȗ pζͲǤͲͲͳ. ȋnα ʹͲ cellsȀconditionȌ ͸͹ʹ  ͸͹͵ 
c Ǧ Schematic representation showing protruding ȋblueȌ and retracting ͸͹Ͷ ȋmagentaȌ area following photoactivation of RacͳǦLOV probeǤ Photo activation ͸͹ͷ area ȋgreen circleȌ was used as the origin to measure the maximal protrusion ͸͹͸ distance ȋoutward Ǧ black lineȌ and the longest uninterrupted lateral spread of ͸͹͹ the protrusion ȋred dotted lineȌ  ͸͹ͺ  ͸͹ͻ 
d Ǧ Still pictures from videos of photoactivation time course showing selected ͸ͺͲ cells from DMSO ȋControlȌ or O(TǦtreated ȋknockoutȌ immortalized CREǦERTʹΪ ͸ͺͳ 
Cyri-BflȀfl MEFs on fibronectinǤ  Endpoint overlay as from schematic ȋcȌǤ Scale bar ͸ͺʹ α ʹͷ ɊmǤ ͸ͺ͵  ͸ͺͶ 
e-f Ǧ Quantification of the protrusion distance ȋeȌ and the spread of activation ȋfȌ ͸ͺͷ between control ȋDMSOȌ or cyri-b knockout ȋO(TȌ MEFsǤ   ͸ͺ͸ Error bars represent ͻͷΨ C)Ǥ Unpaired twoǦtailed tǦtest ȋeȌ and twoǦtailed ͸ͺ͹ MannǦWhitney test ȋfȌǤ ȗȗȗ pζͲǤͲͲͳǡ ȗȗȗȗ pζͲǤͲͲͲͳǤ ȋDMSO nαʹͻ cellsǢ O(T nα͵Ͳ ͸ͺͺ cellsȌǤ ͸ͺͻ  ͸ͻͲ 
g Ǧ Kymograph representation before and after photo activationǤ Membrane ͸ͻͳ extensions are visualised in yellow through to orangeǡ while retractions are ͸ͻʹ observed in purpleǦblueǤ Time of photoactivation is highlighted by a white dotted ͸ͻ͵ lineǤ ͸ͻͶ  ͸ͻͷ Data in aǦg represent three biologically independent experimentsǤ ͸ͻ͸ See also Supplementary Table ͸Ǥ ͸ͻ͹   ͸ͻͺ 



 ͳ͹

Figure 6 - CYRI modulates protrusion plasticity during directional ͸ͻͻ 
migration ͹ͲͲ 
 ͹Ͳͳ 
a-c Ȃ Spider plots CrispR and control C(LǦͳ cells on collagenǦ)ǡ ͳ͹h ȋaȌ ȋSee ͹Ͳʹ 
movie S4)Ǥ Black and red lines α distance ε or δͳͲͲ Ɋm respectivelyǤ Average ͹Ͳ͵ speed ȋb)Ǥ (cȌ Duration as CǦshape (b,c) OneǦway ANOVA with Dunnǯs postǦtest ͹ͲͶ 
(b) ȋCtr nαͳ͸ͳǢ ͓ͳ nαʹʹͺǢ ͓ʹ nαͳ͹ͺȌǤ (c) ȋCtr nαͶͷǢ ͓ͳ nαͷ͵Ǣ ͓ʹ nαͶʹȌǤ  nαcells ͹Ͳͷ in aǦpǤ   ͹Ͳ͸  ͹Ͳ͹ 
d Ǧ Speed of CrispR and control C(LǦͳǤ OneǦway ANOVA with Dunnǯs postǦtest  ͹Ͳͺ ȋCtr nαͶͷǢ ͓ͳ nαͷ͵Ǣ ͓ʹ nαͶʹȌ ͹Ͳͻ  ͹ͳͲ 
e-f Ǧ )mmunofluorescence of CrispR and control C(LǦͳ on collagenǤ FǦactin ͹ͳͳ ȋmagentaȌ and nuclei ȋblueȌ ȋeȌǤ Scale bar α ͷͲ ɊmǤ ȋfȌǤ TwoǦtailed ChiǦsquare ͹ͳʹ test ȋͻͷΨ confidenceȌǤ ȋCtr nαʹ͹͸Ǣ ͓ͳ nαʹͳ͸Ǣ ͓ʹ nαʹͳͲȌ ͹ͳ͵  ͹ͳͶ 
g-i Ǧ Spider and Rose plots of CrispR and control WMͺͷʹ cell chemotaxis  ȋgȌ ȋsee ͹ͳͷ 
movie S5ȌǤ RedǦdashed lines ͻͷΨ confidence interval for mean directionǤ CosɅ ͹ͳ͸ ȋchemotactic indexȌ ȋhȌ average speed ȋiȌǤ TwoǦtailed unpaired tǦtestǤ ȋCtr ͹ͳ͹ nαͳʹͻǢ ͓ͳ nαͳ͵ʹǢ ͓ʹ nαͳͷͳȌǤ ͹ͳͺ  ͹ͳͻ 
j-n Ǧ D)C pictures from Dictyostelium underǦagarose chemotaxis ȋjȌ ȋsee movie ͹ʹͲ 
S6ȌǤ Scale bar α ͳͲ ɊmǤ  Circularity ȋkȌǡ protrusions ȋlȌǡ split frequency ȋmȌǡ and ͹ʹͳ speed ȋnȌǤ OneǦway ANOVA with Dunnǯs postǦtestǤ ȋkǣ WT nα͵͸ͲǢ cyri KO nα͵ͷʹǢ ͹ʹʹ 
cyri KO Ϊ CYR) WT nαͶͺͲǢ cyri KO Ϊ CYR) RͳͷͷȀͳͷ͸ nαʹͶͲ Ǧ lǣ WT nαͶͷǢ cyri KO ͹ʹ͵ nαͷ͹Ǣ cyri KO Ϊ CYR) WT nαͷ͵Ǣ cyri KO Ϊ CYR) RͳͷͷȀͳͷ͸ nα͵ͳ Ǧ mǣ WT nαͶʹǢ cyri KO ͹ʹͶ nα͸ʹǢ cyri KO Ϊ CYR) WT nαͶ͸Ǣ cyri KO Ϊ CYR) RͳͷͷȀͳͷ͸ nα͵͵ Ǧ nǣ WT nαʹ͵ͺͻǢ cyri ͹ʹͷ KO nαʹͶ͸ͲǢ cyri KO Ϊ CYR) WT nα͵ͲʹͶǢ cyri KO Ϊ CYR) RͳͷͷȀͳͷ͸ nαͳͳ͸ͻȌ ͹ʹ͸  ͹ʹ͹ 
o-p Ǧ Needle assay using WT or cyri knockout Ax͵ cells with cAMP ȋsee also ͹ʹͺ 
movie S8Ȍ ȋyellow startȌǤ Scale bar α ʹͷ Ɋm ȋoȌǤ Spider plots during ͲǦͳͲͲs ȋpȌǤ ͹ʹͻ ȋWT nαͺ͸Ǣ cyri KO nα͹ͻȌ ͹͵Ͳ  ͹͵ͳ aǦp represent three biologically independent experiments with mean and SǤEǤM ͹͵ʹ unless indicatedǤ Whisker plots ͳͲǦͻͲ percentile ȋb, k-mȌ and ͳǦͻͻ percentile ͹͵͵ ȋnȌ with median ȋbarȌ and mean ȋcrossȌǤ nǤsǤ pεͲǤͲͷǡ ȗ pζͲǤͲͷǡ ȗȗ pζͲǤͲͳǡ ȗȗȗ ͹͵Ͷ 
pζͲǤͲͲͳǤ ͹͵ͷ See Supplementary Table ͸Ǥ ͹͵͸   ͹͵͹ 



 ͳͺ

Figure 7 - CYRI-B regulates Rac1-dependent recruitment of Scar/WAVE ͹͵ͺ 
complex during epithelial cystogenesis ͹͵ͻ  ͹ͶͲ 
a-b Ȃ )mmunofluorescence of control ȋVector CtrȌ or cyri-b shRNA knockdown ͹Ͷͳ ȋ͓ͳ and ͓ʹȌ MDCK cysts fixed after ͷ days of culture and stained for Podocalyxin ͹Ͷʹ ȋPODXLȌ ȋgreenȌǡ FǦactin ȋredȌ and nuclei ȋblueȌǤ Top row is a confocal section ͹Ͷ͵ and bottom row represents ZǦmaximal projection intensity of PODXL stainingǤ ͹ͶͶ Scale bar α ͷͲ Ɋm ȋaȌǤ Quantification of lumens in ȋbȌǤ OneǦway ANOVA with ͹Ͷͷ Dunnǯs postǦtestǤ ȗȗȗ pδͲǤͲͲͳǤ ȋCtr nαͳͲͲͲ cystsǡ ͓ͳ nαͳͲͲͲ cystsǡ ͓ʹ nαͺͲͲ ͹Ͷ͸ cystsȌǤ ͹Ͷ͹ 
c Ǧ )mmunofluorescence of control ȋVector CtrȌ or cyri-b shRNA knockdown ȋ͓ͳ ͹Ͷͺ and ͓ʹȌ MDCK cysts stained for WAVEʹ ȋgreenȌ and Podocalyxin ȋPODXLȌ ȋredȌ ͹Ͷͻ after ͷ days of cultureǤ )nverted LUT imagesǡ merge and representative surface ͹ͷͲ profile plots shownǤ PODXL ȋredȌ and WAVEʹ ȋgreenȌ staining intensity was ͹ͷͳ measured along the blue lineǤ Scale bar α ͻ ɊmǤ )nsets provide a magnified view ͹ͷʹ of the dotted square areaǤ Scale bar α ͷ ɊmǤ  ͹ͷ͵ 
d-e Ȃ )mmunofluorescence of control ȋVector CtrȌ or cyri-b shRNA knockdown ͹ͷͶ ȋ͓ͳ and ͓ʹȌ MDCK cysts grown during ͷ daysǡ treated or not with ͷͲ nM ͹ͷͷ E(Tͳͺ͸Ͷ and stained for Podocalyxin ȋPODXLȌǤ Pictures represent the ZǦ͹ͷ͸ maximal projection intensity from a representative zǦstack running across the ͹ͷ͹ entire cyst volumeǤ Scale bar α ͷͲ Ɋm ȋdȌǤ Number of lumens per cyst was ͹ͷͺ quantified for vehicle or E(Tͳͺ͸ͶǦtreated cysts and plotted in ȋeȌǤ OneǦway ͹ͷͻ ANOVA with Dunnǯs postǦtest between control ȋVector CtrȌǡ shCYR)ǦB ͓ͳ and ͹͸Ͳ shCYR)ǦB ͓ʹ whereas unpaired twoǦtailed tǦtest between vehicle and drugǦ͹͸ͳ treated cystǤ nǤsǤ pεͲǤͲͷǡ ȗȗ pζͲǤͲͳ ȗȗȗ pζͲǤͲͲͳǤ ȋʹͷͲ cystsȀconditionȌ ͹͸ʹ Data in aǦe represent Nα͵ biologically independent experimentsǤ ͹͸͵ Bar and scatter plots show data points with mean and SǤEǤMǤ ͹͸Ͷ Whisker plots show ͳͲǦͻͲ percentileǡ median ȋbarȌ and mean ȋcrossȌǤ ͹͸ͷ See also Supplementary Table ͸Ǥ ͹͸͸  ͹͸͹ 
References ͹͸ͺ  ͹͸ͻ  ͹͹Ͳ  ͹͹ͳ ͳǤ Krauseǡ MǤ Ƭ Gautreauǡ AǤ Steering cell migrationǣ lamellipodium ͹͹ʹ dynamics and the regulation of directional persistenceǤ Nat Rev Mol Cell ͹͹͵ 

Biol 15ǡ ͷ͹͹ǦͷͻͲ ȋʹͲͳͶȌǤ ͹͹Ͷ ʹǤ )nsallǡ RǤ The interaction between pseudopods and extracellular signalling ͹͹ͷ during chemotaxis and directed migrationǤ Curr Opin Cell Biol 25ǡ ͷʹ͸Ǧͷ͵ͳ ͹͹͸ ȋʹͲͳ͵ȌǤ ͹͹͹ ͵Ǥ Chenǡ ZǤ et al. Structure and control of the actin regulatory WAVE ͹͹ͺ complexǤ Nature 468ǡ ͷ͵͵Ǧͷ͵ͺ ȋʹͲͳͲȌǤ ͹͹ͻ ͶǤ Davidsonǡ AǤJǤ Ƭ )nsallǡ RǤ(Ǥ ActinǦbased motilityǣ WAVE regulatory ͹ͺͲ complex structure reopens old SCARsǤ Curr Biol 21ǡ R͸͸Ǧ͸ͺ ȋʹͲͳͳȌǤ ͹ͺͳ ͷǤ (oellerǡ OǤ et al. Gbeta Regulates Coupling between Actin Oscillators for ͹ͺʹ Cell Polarity and Directional MigrationǤ PLoS Biol 14ǡ eͳͲͲʹ͵ͺͳ ȋʹͲͳ͸ȌǤ ͹ͺ͵ 
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͸Ǥ Veltmanǡ DǤMǤǡ Kingǡ JǤSǤǡ Macheskyǡ LǤMǤ Ƭ )nsallǡ RǤ(Ǥ SCAR knockouts in ͹ͺͶ Dictyosteliumǣ WASP assumes SCAR̵s position and upstream regulators ͹ͺͷ in pseudopodsǤ J Cell Biol 198ǡ ͷͲͳǦͷͲͺ ȋʹͲͳʹȌǤ ͹ͺ͸ ͹Ǥ Weinerǡ OǤDǤ et al. (emǦͳ complexes are essential for Rac activationǡ actin ͹ͺ͹ polymerizationǡ and myosin regulation during neutrophil chemotaxisǤ ͹ͺͺ 
PLoS Biol 4ǡ e͵ͺ ȋʹͲͲ͸ȌǤ ͹ͺͻ ͺǤ Andrewǡ NǤ Ƭ )nsallǡ RǤ(Ǥ Chemotaxis in shallow gradients is mediated ͹ͻͲ independently of Ptd)ns ͵Ǧkinase by biased choices between random ͹ͻͳ protrusionsǤ Nat Cell Biol 9ǡ ͳͻ͵ǦʹͲͲ ȋʹͲͲ͹ȌǤ ͹ͻʹ ͻǤ Devreotesǡ PǤNǤ et al. Excitable Signal Transduction Networks in Directed ͹ͻ͵ Cell MigrationǤ Annu Rev Cell Dev Biol 33ǡ ͳͲ͵Ǧͳʹͷ ȋʹͲͳ͹ȌǤ ͹ͻͶ ͳͲǤ Grazianoǡ BǤRǤ Ƭ Weinerǡ OǤDǤ SelfǦorganization of protrusions and polarity ͹ͻͷ during eukaryotic chemotaxisǤ Curr Opin Cell Biol 30ǡ ͸ͲǦ͸͹ ȋʹͲͳͶȌǤ ͹ͻ͸ ͳͳǤ Maritzenǡ TǤ et al. Gadkin negatively regulates cell spreading and motility ͹ͻ͹ via sequestration of the actinǦnucleating ARPʹȀ͵ complexǤ Proc Natl Acad ͹ͻͺ 
Sci U S A 109ǡ ͳͲ͵ͺʹǦͳͲ͵ͺ͹ ȋʹͲͳʹȌǤ ͹ͻͻ ͳʹǤ Dangǡ )Ǥ et al. )nhibitory signalling to the ArpʹȀ͵ complex steers cell ͺͲͲ migrationǤ Nature 503ǡ ʹͺͳǦʹͺͶ ȋʹͲͳ͵ȌǤ ͺͲͳ ͳ͵Ǥ Sobczykǡ GǤJǤǡ Wangǡ JǤ Ƭ Weijerǡ CǤJǤ S)LACǦbased proteomic quantification ͺͲʹ of chemoattractantǦinduced cytoskeleton dynamics on a second to minute ͺͲ͵ timescaleǤ Nat Commun 5ǡ ͵͵ͳͻ ȋʹͲͳͶȌǤ ͺͲͶ ͳͶǤ Keelingǡ PǤJǤ et al. The tree of eukaryotesǤ Trends Ecol Evol 20ǡ ͸͹ͲǦ͸͹͸ ͺͲͷ ȋʹͲͲͷȌǤ ͺͲ͸ ͳͷǤ Veltmanǡ DǤMǤ Ƭ )nsallǡ RǤ(Ǥ WASP family proteinsǣ their evolution and its ͺͲ͹ physiological implicationsǤ Mol Biol Cell 21ǡ ʹͺͺͲǦʹͺͻ͵ ȋʹͲͳͲȌǤ ͺͲͺ ͳ͸Ǥ Bramhamǡ CǤRǤǡ Jensenǡ KǤBǤ Ƭ Proudǡ CǤGǤ Tuning Specific Translation in ͺͲͻ Cancer Metastasis and Synaptic Memoryǣ Control at the MNKǦe)FͶE AxisǤ ͺͳͲ 
Trends Biochem Sci 41ǡ ͺͶ͹Ǧͺͷͺ ȋʹͲͳ͸ȌǤ ͺͳͳ ͳ͹Ǥ Bienvenutǡ WǤVǤ et al. Comparative large scale characterization of plant ͺͳʹ versus mammal proteins reveals similar and idiosyncratic NǦalphaǦͺͳ͵ acetylation featuresǤ Mol Cell Proteomics 11ǡ Mͳͳͳ Ͳͳͷͳ͵ͳ ȋʹͲͳʹȌǤ ͺͳͶ ͳͺǤ Broncelǡ MǤ et al. Multifunctional reagents for quantitative proteomeǦwide ͺͳͷ analysis of protein modification in human cells and dynamic profiling of ͺͳ͸ protein lipidation during vertebrate developmentǤ Angew Chem Int Ed ͺͳ͹ 
Engl 54ǡ ͷͻͶͺǦͷͻͷͳ ȋʹͲͳͷȌǤ ͺͳͺ ͳͻǤ Yangǡ WǤǡ Di Vizioǡ DǤǡ Kirchnerǡ MǤǡ Steenǡ (Ǥ Ƭ Freemanǡ MǤRǤ Proteome ͺͳͻ scale characterization of human SǦacylated proteins in lipid raftǦenriched ͺʹͲ and nonǦraft membranesǤ Mol Cell Proteomics 9ǡ ͷͶǦ͹Ͳ ȋʹͲͳͲȌǤ ͺʹͳ ʹͲǤ LanyonǦ(oggǡ TǤǡ Faronatoǡ MǤǡ Serwaǡ RǤAǤ Ƭ Tateǡ EǤWǤ Dynamic Protein ͺʹʹ Acylationǣ New Substratesǡ Mechanismsǡ and Drug TargetsǤ Trends ͺʹ͵ 
Biochem Sci ȋʹͲͳ͹ȌǤ ͺʹͶ ʹͳǤ Chenǡ BǤ et al. Racͳ GTPase activates the WAVE regulatory complex ͺʹͷ through two distinct binding sitesǤ Elife 6 ȋʹͲͳ͹ȌǤ ͺʹ͸ ʹʹǤ Soderbergǡ OǤ et al. Characterizing proteins and their interactions in cells ͺʹ͹ and tissues using the in situ proximity ligation assayǤ Methods 45ǡ ʹʹ͹Ǧͺʹͺ ʹ͵ʹ ȋʹͲͲͺȌǤ ͺʹͻ ʹ͵Ǥ Robinsonǡ MǤSǤǡ Sahlenderǡ DǤAǤ Ƭ Fosterǡ SǤDǤ Rapid inactivation of ͺ͵Ͳ proteins by rapamycinǦinduced rerouting to mitochondriaǤ Dev Cell 18ǡ ͺ͵ͳ ͵ʹͶǦ͵͵ͳ ȋʹͲͳͲȌǤ ͺ͵ʹ 
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ʹͶǤ Walmsleyǡ MǤJǤ et al. Critical roles for Racͳ and Racʹ GTPases in B cell ͺ͵͵ development and signalingǤ Science 302ǡ ͶͷͻǦͶ͸ʹ ȋʹͲͲ͵ȌǤ ͺ͵Ͷ ʹͷǤ Liǡ AǤ et al. Activated mutant NRasȋQ͸ͳKȌ drives aberrant melanocyte ͺ͵ͷ signalingǡ survivalǡ and invasiveness via a RacͳǦdependent mechanismǤ J ͺ͵͸ 
Invest Dermatol 132ǡ ʹ͸ͳͲǦʹ͸ʹͳ ȋʹͲͳʹȌǤ ͺ͵͹ ʹ͸Ǥ Liǡ AǤ et al. Racͳ drives melanoblast organization during mouse ͺ͵ͺ development by orchestrating pseudopodǦ driven motility and cellǦcycle ͺ͵ͻ progressionǤ Dev Cell 21ǡ ͹ʹʹǦ͹͵Ͷ ȋʹͲͳͳȌǤ ͺͶͲ ʹ͹Ǥ Steffenǡ AǤ et al. Rac function is crucial for cell migration but is not ͺͶͳ required for spreading and focal adhesion formationǤ J Cell Sci 126ǡ Ͷͷ͹ʹǦͺͶʹ Ͷͷͺͺ ȋʹͲͳ͵ȌǤ ͺͶ͵ ʹͺǤ Ridleyǡ AǤJǤǡ Patersonǡ (ǤFǤǡ Johnstonǡ CǤLǤǡ Diekmannǡ DǤ Ƭ (allǡ AǤ The small ͺͶͶ GTPǦbinding protein rac regulates growth factorǦinduced membrane ͺͶͷ rufflingǤ Cell 70ǡ ͶͲͳǦͶͳͲ ȋͳͻͻʹȌǤ ͺͶ͸ ʹͻǤ Martinǡ KǤJǤ et al. Accepting from the best donorǢ analysis of longǦlifetime ͺͶ͹ donor fluorescent protein pairings to optimise dynamic FL)MǦbased FRET ͺͶͺ experimentsǤ PLoS One 13ǡ eͲͳͺ͵ͷͺͷ ȋʹͲͳͺȌǤ ͺͶͻ ͵ͲǤ Nakamuraǡ TǤǡ Kurokawaǡ KǤǡ Kiyokawaǡ EǤ Ƭ Matsudaǡ MǤ Analysis of the ͺͷͲ spatiotemporal activation of rho GTPases using Raichu probesǤ Methods ͺͷͳ 
Enzymol 406ǡ ͵ͳͷǦ͵͵ʹ ȋʹͲͲ͸ȌǤ ͺͷʹ ͵ͳǤ Wuǡ YǤ)Ǥ et al. A genetically encoded photoactivatable Rac controls the ͺͷ͵ motility of living cellsǤ Nature 461ǡ ͳͲͶǦͳͲͺ ȋʹͲͲͻȌǤ ͺͷͶ ͵ʹǤ Kerenǡ KǤǡ Yamǡ PǤTǤǡ Kinkhabwalaǡ AǤǡ Mogilnerǡ AǤ Ƭ Theriotǡ JǤAǤ ͺͷͷ )ntracellular fluid flow in rapidly moving cellsǤ Nat Cell Biol 11ǡ ͳʹͳͻǦͺͷ͸ ͳʹʹͶ ȋʹͲͲͻȌǤ ͺͷ͹ ͵͵Ǥ Pankovǡ RǤ et al. A Rac switch regulates random versus directionally ͺͷͺ persistent cell migrationǤ J Cell Biol 170ǡ ͹ͻ͵ǦͺͲʹ ȋʹͲͲͷȌǤ ͺͷͻ ͵ͶǤ )nsallǡ RǤ Ƭ Andrewǡ NǤ Chemotaxis in Dictyosteliumǣ how to walk straight ͺ͸Ͳ using parallel pathwaysǤ Curr Opin Microbiol 10ǡ ͷ͹ͺǦͷͺͳ ȋʹͲͲ͹ȌǤ ͺ͸ͳ ͵ͷǤ MuinonenǦMartinǡ AǤJǤ et al. Melanoma cells break down LPA to establish ͺ͸ʹ local gradients that drive chemotactic dispersalǤ PLoS Biol 12ǡ eͳͲͲͳͻ͸͸ ͺ͸͵ ȋʹͲͳͶȌǤ ͺ͸Ͷ ͵͸Ǥ Tweedyǡ LǤǡ Knechtǡ DǤAǤǡ Mackayǡ GǤMǤ Ƭ )nsallǡ RǤ(Ǥ SelfǦGenerated ͺ͸ͷ Chemoattractant Gradientsǣ Attractant Depletion Extends the Range and ͺ͸͸ Robustness of ChemotaxisǤ PLoS Biol 14ǡ eͳͲͲʹͶͲͶ ȋʹͲͳ͸ȌǤ ͺ͸͹ ͵͹Ǥ Kuspaǡ AǤ Ƭ Loomisǡ WǤFǤ Tagging developmental genes in Dictyostelium ͺ͸ͺ by restriction enzymeǦmediated integration of plasmid DNAǤ Proc Natl ͺ͸ͻ 
Acad Sci U S A 89ǡ ͺͺͲ͵ǦͺͺͲ͹ ȋͳͻͻʹȌǤ ͺ͹Ͳ ͵ͺǤ Meinhardtǡ (Ǥ Orientation of chemotactic cells and growth conesǣ models ͺ͹ͳ and mechanismsǤ J Cell Sci 112 ( Pt 17)ǡ ʹͺ͸͹Ǧʹͺ͹Ͷ ȋͳͻͻͻȌǤ ͺ͹ʹ ͵ͻǤ Neilsonǡ MǤPǤǡ Mackenzieǡ JǤAǤǡ Webbǡ SǤDǤ Ƭ )nsallǡ RǤ(Ǥ Use of the ͺ͹͵ parameterised finite element method to robustly and efficiently evolve ͺ͹Ͷ the edge of a moving cellǤ Integr Biol (Camb) 2ǡ ͸ͺ͹Ǧ͸ͻͷ ȋʹͲͳͲȌǤ ͺ͹ͷ ͶͲǤ Mackǡ NǤAǤ et al. betaʹǦsyntrophin and ParǦ͵ promote an apicobasal Rac ͺ͹͸ activity gradient at cellǦcell junctions by differentially regulating Tiamͳ ͺ͹͹ activityǤ Nat Cell Biol 14ǡ ͳͳ͸ͻǦͳͳͺͲ ȋʹͲͳʹȌǤ ͺ͹ͺ ͶͳǤ Manganǡ AǤJǤ et al. Cingulin and actin mediate midbodyǦdependent apical ͺ͹ͻ lumen formation during polarization of epithelial cellsǤ Nat Commun 7ǡ ͺͺͲ ͳʹͶʹ͸ ȋʹͲͳ͸ȌǤ ͺͺͳ 
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ͶʹǤ Overeemǡ AǤWǤǡ Bryantǡ DǤMǤ Ƭ vanǡ )ǤSǤCǤ Mechanisms of apicalǦbasal axis ͺͺʹ orientation and epithelial lumen positioningǤ Trends Cell Biol 25ǡ Ͷ͹͸ǦͶͺͷ ͺͺ͵ ȋʹͲͳͷȌǤ ͺͺͶ Ͷ͵Ǥ Yagiǡ SǤǡ Matsudaǡ MǤ Ƭ Kiyokawaǡ EǤ Suppression of Racͳ activity at the ͺͺͷ apical membrane of MDCK cells is essential for cyst structure ͺͺ͸ maintenanceǤ EMBO Rep 13ǡ ʹ͵͹ǦʹͶ͵ ȋʹͲͳʹȌǤ ͺͺ͹ ͶͶǤ Jiangǡ (Ǥ et al. Protein Lipidationǣ Occurrenceǡ Mechanismsǡ Biological ͺͺͺ Functionsǡ and Enabling TechnologiesǤ Chem Rev 118ǡ ͻͳͻǦͻͺͺ ȋʹͲͳͺȌǤ ͺͺͻ ͶͷǤ Grobeǡ (Ǥǡ Wustenhagenǡ AǤǡ Baarlinkǡ CǤǡ Grosseǡ RǤ Ƭ Grikscheitǡ KǤ A RacͳǦͺͻͲ FMNLʹ signaling module affects cellǦcell contact formation independent ͺͻͳ of CdcͶʹ and membrane protrusionsǤ PLoS One 13ǡ eͲͳͻͶ͹ͳ͸ ȋʹͲͳͺȌǤ ͺͻʹ Ͷ͸Ǥ Madasuǡ YǤ et al. P)CKͳ is implicated in organelle motility in an ArpʹȀ͵ ͺͻ͵ complexǦindependent mannerǤ Mol Biol Cell 26ǡ ͳ͵ͲͺǦͳ͵ʹʹ ȋʹͲͳͷȌǤ ͺͻͶ Ͷ͹Ǥ Wisniewskiǡ JǤRǤǡ (einǡ MǤYǤǡ Coxǡ JǤ Ƭ Mannǡ MǤ A ̶proteomic ruler̶ for ͺͻͷ protein copy number and concentration estimation without spikeǦin ͺͻ͸ standardsǤ Mol Cell Proteomics 13ǡ ͵Ͷͻ͹Ǧ͵ͷͲ͸ ȋʹͲͳͶȌǤ ͺͻ͹ ͶͺǤ Meacciǡ GǤ et al. alphaǦActinin links extracellular matrix rigidityǦsensing ͺͻͺ contractile units with periodic cellǦedge retractionsǤ Mol Biol Cell 27ǡ ͺͻͻ ͵Ͷ͹ͳǦ͵Ͷ͹ͻ ȋʹͲͳ͸ȌǤ ͻͲͲ ͶͻǤ Swaminathanǡ KǤǡ MullerǦTaubenbergerǡ AǤǡ Faixǡ JǤǡ Riveroǡ FǤ Ƭ Noegelǡ ͻͲͳ AǤAǤ A CdcͶʹǦ and RacǦinteractive binding ȋCR)BȌ domain mediates ͻͲʹ functions of coroninǤ Proc Natl Acad Sci U S A 111ǡ EʹͷǦ͵͵ ȋʹͲͳͶȌǤ ͻͲ͵ ͷͲǤ Swaminathanǡ KǤ et al. Coronin͹ regulates WASP and SCAR through CR)B ͻͲͶ mediated interaction with Rac proteinsǤ Sci Rep 5ǡ ͳͶͶ͵͹ ȋʹͲͳͷȌǤ ͻͲͷ ͷͳǤ Gerischǡ GǤ et al. Mobile actin clusters and traveling waves in cells ͻͲ͸ recovering from actin depolymerizationǤ Biophys J 87ǡ ͵Ͷͻ͵Ǧ͵ͷͲ͵ ȋʹͲͲͶȌǤ ͻͲ͹ ͷʹǤ Killichǡ TǤ et al. The locomotionǡ shape and pseudopodial dynamics of ͻͲͺ unstimulated Dictyostelium cells are not randomǤ J Cell Sci 106 ( Pt 4)ǡ ͻͲͻ ͳͲͲͷǦͳͲͳ͵ ȋͳͻͻ͵ȌǤ ͻͳͲ ͷ͵Ǥ Tweedyǡ LǤǡ Susantoǡ OǤ Ƭ )nsallǡ RǤ(Ǥ SelfǦgenerated chemotactic ͻͳͳ gradientsǦcells steering themselvesǤ Curr Opin Cell Biol 42ǡ Ͷ͸Ǧͷͳ ȋʹͲͳ͸ȌǤ ͻͳʹ 
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 ͳ

Methods ͳ 
 ʹ 
Antibodies and constructs ͵ Antibodies and DNA constructs are listed in Supplementary Tables ͵ and Ͷ Ͷ respectivelyǤ ͷ  ͸ 
Alignment and phylogenetic tree ͹ Protein sequences were obtained from Uniprot httpǣȀȀwwwǤuniprotǤorgȀ and ͺ aligned using MacVector softwareǤ  The phylogenetic tree was constructed based on ͻ the major eukaryotic superclasses as previously definedͳͶ and based on previous ͳͲ identification of ArpʹȀ͵ complex and ScarȀWAVE complex sequencesͳͷǡ ͷͶǤ BLAST ͳͳ homology search on the NCB) website httpsǣȀȀblastǤncbiǤnlmǤnihǤgovȀBlastǤcgiǤ  ͳʹ 
Dictyosteliumǡ human or a close relative were searched against the complete ͳ͵ translated genome of open reading frames from these organismsǤ ͳͶ (MM logo was generated by feeding the Pfam database of the DUFͳ͵ͻͶ domain into ͳͷ SkylignͷͷǤ ͳ͸  ͳ͹ 
CYRI-B structure prediction ͳͺ The predicted protein structure of CYR)ǦB͵ͳǦʹͻʹ was generated by the protein ͳͻ homologyȀanalogy recognition engine ȋPhyreȌͷ͸ using the cytoplasmic fmrͳǦʹͲ interacting protein ͳ ȋPDB ͵PͺCȌ as a template with ͳͲͲΨ homology confidence and ʹͳ ͳͺΨ sequence identityǤ ʹʹ 
 ʹ͵ 
Mammalian cell lines and growth conditions ʹͶ C(LǦͳǡ (EKʹͻ͵Tǡ COSǦ͹ cells were maintained in Dulbeccoǯs Modified Eagleǯs ʹͷ Medium supplemented with ͳͲΨ FBS and ʹ mM LǦGlutamine ȋDMEMȌǤ  ʹ͸ ROSAʹ͸ǣCreERtʹΪǢ Ink4ǦȀǦCyri-BwtȀwtǢ Rac1flȀfl mouse tail skin fibroblasts and ʹ͹ ROSAʹ͸ǣCreERtʹΪǢInk4ǦȀǦ Ǣ Cyri-BflȀfl  mouse embryonic fibroblasts were maintained in ʹͺ DMEM complemented with ͳ mgȀmL of primocinǤ  ʹͻ COSǦ͹ cells transfected with the doxycyclineǦinducible system were grown in ͳͲΨ ͵Ͳ tetracyclinǦfree FBS ȋClonTechȌ and treated with ͷ ɊgȀmL doxycycline for ͶͺhǤ ͵ͳ MDCK cells were maintained in ͷΨ FBS and ʹ mM LǦGlutamine supplemented ͵ʹ minimum essential mediumǡ high glucoseǡ high sodium bicarbonateǤ ͵͵ WMͺͷʹ cells were grown in RPM) supplemented with ͳͲΨ FBS and ʹ mM LǦ͵Ͷ GlutamineǤ ͵ͷ All mammalian cell lines used in this study were maintained in ͳͲ cm plastic dishes ͵͸ at ͵͹ ιC and ͷΨ COʹǤ ͵͹ Cell lines were regularly tested for mycoplasma contamination ȋMycoAlert Ǧ LonzaȌǤ ͵ͺ  ͵ͻ 
CLICK Chemistry of Mammalian CYRI-B ͶͲ (EKʹͻ͵T cells plated on ʹͶǦwell plate were transfected with ͳ Ɋg of pEGFPNͳ or Ͷͳ CYR)ǦBǦEGFP ȋwildǦtype or GʹA mutantȌ using Lipofectamine ʹͲͲͲ and were Ͷʹ processed the next dayǤ CͳͶǣͲǦazide was synthesised as previously describedͷ͹Ǥ Ͷ͵ Transfected (EKʹͻ͵T cells were incubated with ͳͲͲ ɊM of CͳͶǣͲǦazide ȋin DMEM ͶͶ with ͳ mgȀmL defatted BSAȌ for Ͷ h at ͵͹ ιCǤ Cells were washed twice in PBS and Ͷͷ lysed on ice for ͳͲ min in ͳͲͲ ɊL lysis buffer ȋͳͷͲ mM NaClǡ ͳ Ψ Triton XǦͳͲͲǡ ͷͲ Ͷ͸ 
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mM TrisǦ(Clǡ p(  ͺǤͲǡ containing protease inhibitorsȌǤ Cell lysates were centrifuged Ͷ͹ at ͳͲͲͲͲ x g for ͳͲ min at Ͷ ιC to remove cell debrisǤ Alkyne )RǦͺͲͲ Dye to CͳͶǣͲ Ͷͺ azide was conjugated for ͳ h at room temperature ȋRTȌ with endǦoverǦend rotation Ͷͻ by adding an equal volume of freshly mixed click chemistry reaction mixture ȋͳͲ ɊM ͷͲ ͺͲͲ CW alkyne infrared dyeǡ Ͷ mM CuSOͶǡ ͶͲͲ ɊM TrisȏȋͳǦbenzylǦͳ(Ǧͳǡʹǡ͵ǦtriazolǦͷͳ ͶǦylȌmethylȐamineǡ and ͺ mM ascorbic acid in d(ʹͲȌ to the supernatantsǤ GFPǦͷʹ tagged proteins were isolated using the ɊMACS GFP isolation kit following ͷ͵ manufacturerǯs protocol and resolved by SDSǦPAGE as described belowǤ Protein ͷͶ acylation was quantified by expressing the intensity of the CL)CK signal relative to ͷͷ the protein signalǤ ͷ͸  ͷ͹ 
Yeast Two-Hybrid screen ͷͺ Screening was performed at (ybrigenics services as	per their standard protocolsǤ ͷͻ Brieflyǡ the coding sequence for the constitutively active fullǦlength Racͳ ͸Ͳ ȋNM̴ͲͲ͸ͻͲͺǤͶ Ǣ mutations GͳʹVǡ CͳͺͻSȌ was PCRǦamplified and cloned into pBʹ͹ ͸ͳ as a CǦterminal fusion to LexA ȋLexAǦRacͳȌǤ All libraries use the prey vector pP͸Ǥ ͸ʹ pBʹ͹ and pP͸ are derived from the original pBTMͳͳ͸ͷͺ and pGADG(ͷͻ plasmidsǡ ͸͵ respectivelyǤ ͸Ͷ The bait was screened against the different libraries using a mating approach with ͸ͷ Y(GXͳ͵ ȋYͳͺ͹ adeʹǦͳͲͳǣǣloxPǦkanMXǦloxPǡ mat alphaȌ and LͶͲdeltaGalͶ ȋmatǦaȌ ͸͸ yeast strains as previously described͸ͲǤ Positive colonies were selected on a medium ͸͹ lacking tryptophanǡ leucine and histidineǡ and supplemented with ͵ǦaminotriazoleǤ ͸ͺ The prey fragments of the positive clones were amplified by PCR and sequenced at ͸ͻ their ͷǯ and ͵ǯ junctionsǤ )nteracting proteins were identified in the GenBank ͹Ͳ database ȋNCB)ȌǤ ͹ͳ  ͹ʹ 
GST Pull-down of Mammalian CYRI-B and GTPases ͹͵ D(ͷalpha E.	coli cells were grown at OD͸ͲͲnm ͲǤͶ and induced for Ͷh with ͲǤʹ mM ͹Ͷ )PTGǤ Pellet was resuspended in iceǦcold buffer A ȋͷͲ mM NaClǡ ͷͲ mM TrisǦ(Cl p( ͹ͷ ͹Ǥͷǡ ͷ mM MgClʹǡ ͵ mM DTTȌ and sonicatedǡ followed by a ͵Ͳ min spin at ʹͲͲͲͲ rpm ͹͸ to yield lysateǤ GST tagged proteins were immobilized on preǦwashed glutathioneǦ͹͹ sepharose beads for ͵Ͳ min at ͶιC with gentle agitation and unbound proteins were ͹ͺ washed out ͵ times in buffer AǤ ͹ͻ Cells transfected with GFP constructs were collected in iceǦcold lysis buffer ȋͳͲͲ mM ͺͲ NaClǡ ʹͷ mM TrisǦ(Cl p( ͹Ǥͷǡ ͷ mM MgClʹǡ ͳX protease and phosphatase inhibitorsǡ ͺͳ ͲǤͷΨ NPǦͶͲȌǤ ͳǤͷǦʹ mg of proteins were mixed with preǦequilibrated beads with ͺʹ gentle agitation during ʹh at ͶιCǤ Beads were then washed ͵ times in washing buffer ͺ͵ ȋͳͲͲ mM NaClǡ ʹͷ mM TrisǦ(Cl p( ͹Ǥͷǡ ͷ mM MgClʹȌǡ resuspended in sample buffer ͺͶ containing DTT and resolved by SDSǦPAGE as described belowǤ ͺͷ  ͺ͸ 
MBP Pull-down ͺ͹ Recombinant proteins were purified as mentioned above and immobilized on MBPǦͺͺ trap beadsǤ Beads were mixed with similar amount of recombinant GSTǦtagged ͺͻ proteins in iceǦcold buffer A ȋsee aboveȌ containing ͲǤͲͷΨ Triton XͳͲͲǤ Binding was ͻͲ allowed for ʹh at ͶιC and beads were then thoroughly washed in iceǦcold buffer AǤ ͻͳ Proteins were eluted by adding boiling sample buffer directly to the beads and ͻʹ 
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prepared for SDSǦPAGEǤ ͻ͵  ͻͶ 
Mutagenesis of Mammalian CYRI-B ͻͷ Point mutation was inserted using the QͷǦsite directed kit ȋNew England BiolabsȌ ͻ͸ and following the manufacturerǯs instructionsǤ Primers were designed using ͻ͹ NEBaseChanger Ǧ see Supplementary Table ͷǤ ͻͺ  ͻͻ 
Protein purification for SPR analysis ͳͲͲ 
E.	Coli BLʹͳ CodonPlus ȋDE͵ȌǦR)L ȋAgilent TechǤȌ and E.	Coli BLʹͳ ȋDE͵Ȍ pLysS ͳͲͳ ȋPromegaȌ were used for GSTǦtagged and (isǦTagged proteins respectivelyǤ ͳͲʹ PreǦculture was grown overnight in LǦBroth ȋLBȌ containing appropriate antibioticsǤ ͳͲ͵ Once reaching OD͸ͲͲnm ͲǤͶǡ protein expression was induced using ͲǤʹ mM )PTG and ͳͲͶ culture was kept overnight at ʹͲιC under agitation ȋʹͲͲ rpmȌǤ Cells were lysed in ͳͲͷ Buffer ͳ ȋʹͲͲ mM NaClǡ ͵Ͳ mM TrisǦ(Cl p( ͹Ǥͷǡ ͷ mM MgClʹǡ ͵ mM ȾǦͳͲ͸ mercaptoethanolȌ containing protease inhibitors and passed through a ʹͲǡͲͲͲ psiǦͳͲ͹ pressurised microfluidizerǤ The soluble fraction was collected by centrifugation ȋ͵Ͳ ͳͲͺ minǡ ʹͲͲͲͲ rpmȌ and loaded onto an equilibrated GSTrap (P or (isTrap (P column ͳͲͻ using an AKTA machine ȋGE (ealthcareȌǤ Proteins were either directly eluted using ͳͳͲ Buffer ͳ containing either ʹͲ mM GS( for GSTǦtagged proteins or ͵ͲͲ mM )midazole ͳͳͳ p( ͹Ǥͷ for (isǦtagged proteinsǤ Cleavage on the column was performed overnight ͳͳʹ with the appropriate proteaseǡ flowing at ͲǤͳ mlȀmin in a loop connected to the ͳͳ͵ AKTA machineǤ Proteins were gel purified ȋ(iLoad ͳ͸Ȁ͸ͲͲ Superdrex ͹ͷpg or ͳͳͶ (iLoad ͳ͸Ȁ͸ͲͲ Superdrex ʹͲͲpgȌ in Buffer ʹ ȋͳͷͲ mM NaClǡ ʹͷ mM TrisǦ(Cl p( ͹Ǥͷǡ ͳͳͷ ͷ mM MgClʹǡ ʹ mM ȾǦmercaptoethanolȌǡ snapǦfrozen and stored at ǦͺͲιCǤ ͳͳ͸  ͳͳ͹ 
Surface Plasmon Resonance (SPR) protein binding assay ͳͳͺ SPR analysis was performed using Biacore TʹͲͲ ȋGE (ealthcareȌ equilibrated with ͳͳͻ buffer ʹ ȋsee aboveȌ supplemented with ͲǤͷΨ of surfactant PʹͲǤ GSTǦtagged ͳʹͲ proteins were immobilised at ʹʹιC onto CMͷ sensor chip functionalized with antiǦͳʹͳ GST and reached ̱͵ʹͲ RUǤ Same procedure was used for (isǦtagged protein onto ͳʹʹ NTA sensor chip and reached ͸ͷͲ RUǤ All immobilisation steps were done at a flow ͳʹ͵ rate of ͳͲ ɊLȀminǤ  Serial dilution of each analyte was injected across a reference ͳʹͶ flow cell and the flow cell containing the ligand at a flow rate of ͵Ͳ ɊLȀminǤ Data ͳʹͷ were solvent correctedǡ reference subtractedǡ quality controlled and evaluated using ͳʹ͸ the Biacore TʹͲͲ evaluation softwareǤ Affinity was determined by curve fitting a ͳǣͳ ͳʹ͹ binding modelǤ   ͳʹͺ  ͳʹͻ 
Proximity ligation assay ͳ͵Ͳ COSǦ͹ cells expressing CYR)ǦBǦ(A and MYCǦRacͳ constructs were plated on lamininǦͳ͵ͳ coated coverslips and used for DuoLink in	 situ	 proximity ligation assay ȋSigma Ǧ ͳ͵ʹ mouse and rabbit Ǧ Red detectionȌ using the manufacturerǯs protocolǤ Mouse antiǦ(A ͳ͵͵ ȋCovanceȌ and Rabbit antiǦMYCǦtag ȋCSTȌ were used at ͳǣͶͲͲ and ͳǣʹͲͲ respectivelyǤ ͳ͵Ͷ )ncubation with either antibody was performed as a negative controlǤ ͳ͵ͷ  ͳ͵͸ 
Enforced mitochondrial localisation ͳ͵͹ The RacͳA cDNA ȋgift of AǤ Kortholtǡ University of GroningenȌ was mutagenised to ͳ͵ͺ 
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PʹͻSȀQ͸ͳL the stop codon removedǤ )t was cloned NǦterminal to mCherryǦͳ͵ͻ mitochondrial anchorǡ or NǦterminal to mCherry to give a cytosolic versionǤ ͳͶͲ Likewiseǡ PakBǦCR)B was cloned NǦterminal to either GFP alone ȋto give a soluble ͳͶͳ CR)B fusionȌ or GFPǦmito ȋto give a mitochondrialǦtargeted versionȌǤ CYR) was ͳͶʹ similarly used in its WT or RͳͷͷD Rͳͷ͸D double mutantǤ The mitochondrial anchor ͳͶ͵ consists of the CǦterminal tail ȋaa ͸ͲʹǦ͸ͷͺȌ of gemAǡ the Dictyostelium ͳͶͶ mitochondrialǦanchored RhoͳȀʹ GTPasesǤ  ͳͶͷ Live cell images were acquired at separate times using singleǦchannel hardware ͳͶ͸ setups to ensure zero channel bleedǦthrough or dual excitation of fluorophoresǤ To ͳͶ͹ noteǡ the cells move between image capturesǤ Dual images were captured using a ͳͶͺ double bandǦpass filter that allows both red and green signals to pass ͳͶͻ simultaneouslyǤ The same cells are shown in the redǡ green and dual imagesǤ ͳͷͲ  ͳͷͳ  ͳͷʹ 
Transfection, siRNA Treatment and Knockout Mammalian Cells. ͳͷ͵ Oligos used are listed in Supplementary Table ͷǤ ͳͷͶ Cells were plated a day before transfection at ͹ͲΨ of confluence and later ͳͷͷ transfected using Lipofectamine ʹͲͲͲ according to the manufacturerǯs instructionsǤ ͳͷ͸ ʹǦͷ Ɋg of DNA was used per reaction based on a ͸Ǧwell plate formatǤ ͳͷ͹ siRNA oligonucleotides targeting CYR)ǦB ȋQiagenȌǣ  Mouse tail fibroblasts and COSǦ͹ ͳͷͺ cells were respectively treated with ͹ͷ nM of Mus	musculus CYR)ǦB siRNA  and ʹͷ ͳͷͻ nM of Homo	sapiens CYR)ǦB siRNA ȋrecognised Cercopithecus	aethiops) or matched ͳ͸Ͳ concentration of control siRNA ȋAllStars Negative siRNA Ȃ QiagenȌ were transfected ͳ͸ͳ using Lullaby transfection reagent according to manufacturerǯs instructionsǤ The ͳ͸ʹ same step was repeated Ͷͺh later and cells were analysed after ʹͶhǤ ͳ͸͵ For CrispRȀCasͻ mediated knock outǡ sgRNA were selected using the M)T CrispR ͳ͸Ͷ designing tool ȋhttpǣȀȀcrisprǤmitǤeduȀȌǤ Annealed oligonucleotides were cloned into ͳ͸ͷ pLentiCrispRvʹǦPuroǤ Brieflyǡ (EKʹͻ͵T cells were seeded at ͳǤͷ x ͳͲ͸ cellsȀͳͲcm ͳ͸͸ dishǤ Cells were transfected with ͳͲ Ɋg of the selected plasmid ȋVector Ctr or ͳ͸͹ containing a gRNA against CYR)ǦBȌ ͹Ǥͷ Ɋg of pSPAXʹ ȋAddgene ͺͶͷͶȌ and Ͷ Ɋg of ͳ͸ͺ pVSVG ȋAddgene ͳʹʹ͸ͲȌ in a final volume of ͶͶͲ ɊL of sterile waterǡ and ͳ͸ͻ complemented with ͷͲͲ ɊL ʹX (BS and ͳʹͲ mM CaClʹǤ Solution was incubated ͵Ͳ ͳ͹Ͳ min at ͵͹ιC before adding to (EKʹͻ͵T cellsǤ Medium was removed after ʹͶh and ͳ͹ͳ replaced by ͸ mL of ʹͲ Ψ FBS DMEMǤ Meanwhileǡ recipient cells were plated at ͳ x ͳ͹ʹ ͳͲ͸ cellsȀͳͲcm dishǤ The day afterǡ supernatants were filtered through a ͲǤͶͷ Ɋm ͳ͹͵ pore membrane and mixed with ʹͷ Ɋg of hexadimethrine bromide ȋͶǤʹ ɊgȀmL finalȌ ͳ͹Ͷ before infecting recipient cellsǤ )nfection was repeated the next day and stably ͳ͹ͷ transfected cells were selected with ͳ ɊgȀmL of puromycinǤ ͳ͹͸  ͳ͹͹ Same procedure was used for lentiviral infection of the MDCK cells and cells were ͳ͹ͺ selected with ͷ ɊgȀmL of puromycinǤ ͳ͹ͻ  ͳͺͲ For CrispR COSǦ͹ cyri-b knockout cellsǡ human gRNAs against CYRI-B ȋCrispR͓ͳ or ͳͺͳ ͓ʹ Ǧ See Table ͷȌ were cloned into a pSpCasͻȋBBȌǦʹAǦGFP vector ȋAddgene ͳͺʹ plasmid  ͓Ͷͺͳ͵ͺȌ using the restriction enzyme BbsI	as described in͸ͳ  COSǦ͹ cells ͳͺ͵ were seeded onto ͸ cm dishes and transfected the day after using Lipofectamine ͳͺͶ 
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ʹͲͲͲ with ͷ Ɋg of pSpCasͻȋBBȌǦʹAǦGFP ȋempty vector or CYRI-B targeting CrispR ͳͺͷ gRNAȌ following the manufacturers guidelinesǤ  Cells were grown for approximately ͳͺ͸ ʹͶ h before FACS sortingǤ  The transfected cells were trypsinisedǡ resuspended in ͳͺ͹ serum free DMEM with DAP) ȋͳ ɊgȀmlȌ and filtered through a ͲǤͶͷ Ɋm pore ͳͺͺ membrane for FACSǤ  For FACSǡ gates were drawn to sort by cell sizeǡ liveȀdead and ͳͺͻ GFP positive cellsǤ  GFP positive sorted cells were incubated with DMEM complete ͳͻͲ and left to grow at normal culturing conditionsǤ  Knockouts for CYRI-B	were analysed ͳͻͳ by western blottingǤ ͳͻʹ  ͳͻ͵ Generation of knockout mouse embryonic fibroblast and mouse tail skin fibroblast ͳͻͶ cell lines were obtained by adding ͳ ɊM of hydroxytamoxifen in the growth medium ͳͻͷ every ͵ days over ͹ daysǤ  ͳͻ͸  ͳͻ͹  ͳͻͺ 
FRET imaging of Mammalian Cells ͳͻͻ The RacͳǦRaichuǦmTqʹǦsREAC( probe is described inʹͻǤ Cells were transfected with ʹͲͲ the probeǡ plated the day after on laminin and imagedǤ FRET images were acquired ʹͲͳ with the Nikon FL)MȀT)RFsystem Z͸ͲͳͶ microscope equipped with a Plan ʹͲʹ Apochromat ͸͵xȀͳǤͶͷ oil objective and a Ͷ͸ͷ nm LEDǤ Dishes were placed in a ͵͹ιC ʹͲ͵ heated chamber perfused with ͷΨ COʹǤ FRET efficiency was calculated by ʹͲͶ standardizing the probe lifetime to the average lifetime of the donor alone as ʹͲͷ followsǣ   ʹͲ͸ ݕ݂݂ܿ݊݁݅ܿ݅݁ ܶܧܴܨ ሺΨሻ ൌ ݎ݋݊݋݀ ݁݉݅ݐ݂݈݁݅ ݁݃ܽݎ݁ݒܣ െ ݎ݋݊݋݀ ݁݉݅ݐ݂݈݁݅ ݁݃ܽݎ݁ݒܣܾ݁݋ݎ݌ ݁݉݅ݐ݂݁݅ܮ  ͳͲͲ   ʹͲ͹ݔ 
Active Rac1 pulldown ʹͲͺ COSǦ͹ cells were plated on lamininǦcoated dishes for ͳhǡ washed twice with iceǦcold ʹͲͻ PBS and lysed using ͷͲ mM TrisǦ(Cl p( ͹ǤͶǡ ͷͲͲ mM NaClǡ ͳΨ Triton XǦͳͲͲǡ ͲǤͷΨ ʹͳͲ sodium deoxycholateǡ ͳͲ mM MgClʹǡ ͳX protease and phosphatase inhibitorsǤ ʹͳͳ Cleared lysates were incubated with recombinant GST or GSTǦCR)BǦPBD obtained ʹͳʹ from D(ͷalpha cells as described aboveǤ ͳǦͳǤͷ mg of lysate were incubated for ʹ h at ʹͳ͵ ͶιC with a similar amount of GSTǦconstruct immobilised on glutathionǦsepharose ʹͳͶ beadsǤ Beads were washed ͵ times with ͷͲ mM TrisǦ(Cl p( ͹ǤͶǡ ͷͲͲ mM NaClǡ ͳͲ ʹͳͷ mM MgClʹ and prepared for SDSǦPAGE analysis as described belowǤ ʹͳ͸  ʹͳ͹ 
SDS-PAGE and Western Blotting of Mammalian Cells ʹͳͺ Lysates were collected on ice by scraping cells in R)PA Buffer ȋͳͷͲ mM NaClǡ ͳͲ mM ʹͳͻ TrisǦ(Cl p( ͹Ǥͷǡ ͳ mM EDTAǡ ͳΨ Triton XͳͲͲǡ ͲǤͳΨ SDSǡ ͳX protease and ʹʹͲ phosphatase inhibitorsȌ and centrifuged ͳͲ min at ͳͷͲͲͲ rpm and ͶιCǤ Protein ʹʹͳ concentration was measured at OD͸ͲͲnm using Precision RedǤ ʹʹʹ ʹͲǦͶͲ Ɋg of protein were resolved on a NuPAGE Novex ͶǦͳʹΨ BisǦTris gels and ʹʹ͵ transferred onto a nitrocellulose membrane using the BioRad systemǤ Membranes ʹʹͶ were blocked in ͷΨ nonǦfat milk in TBSǦT ȋͳͲ mM Tris p(  ͺǤͲǡ ͳͷͲ mM NaClǡ ͲǤͷΨ ʹʹͷ Tween ʹͲȌ during ͵Ͳ min before overnight incubation with primary antibodies at ʹʹ͸ ͶιCǤ Membranes were washed ͵x ͷ min in TBSǦT and incubated ͳh with AlexaǦFluor ʹʹ͹ 
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conjugated secondary antibodiesǤ Blots were then washed ͵x ͷ min and imaged ʹʹͺ using the LiCor Odyssey CLxǤ  ʹʹͻ All images were then analysed using )mage StudioLite vǤͷǤʹǤͷǤ ʹ͵Ͳ  ʹ͵ͳ 
Immunofluorescence of Mammalian Cells ʹ͵ʹ Cells were collected and plated onto sterile ͳ͵mm glass coverslips coated overnight ʹ͵͵ at ͶιC with ͳͲ ɊgȀmL of ratǦtail collagen )ǡ ͳͲ ɊgȀmL fibronectin or ͳͲ ɊgȀmL ʹ͵Ͷ laminin diluted in PBSǤ Coverslip were washed ͵x in PBS before seeding cellsǤ Cells ʹ͵ͷ were fixed with ͶΨ paraformaldehyde for ͳͲ minǡ permeabilised ȋʹͲ mM Glycineǡ ʹ͵͸ ͲǤͲͷΨ Triton XͳͲͲȌ for ͳͲ min and blocked with ͷΨ BSAǦPBS for ͵Ͳ minǤ Primary ʹ͵͹ and secondary antibodies were diluted in blocking buffer and incubated ͳh in a dark ʹ͵ͺ and humidified chamberǤ Coverslips were washed twice in PBS and once in water ʹ͵ͻ before being mounted on glass slides using ProLong Gold antifade reagentǤ )mages ʹͶͲ were taken using an inverted Olympus FVͳͲͲͲ confocal microscope using a Plan ʹͶͳ Apochromat N ͸͵xȀͳǤͶͲ oil SC or an Uplan FL N ͶͲxȀͳǤ͵Ͳ oil objectiveǤ ʹͶʹ )mages were processed and analysed using Fiji software ȋ)mageJ vͳǤͶͺtȌͳ͸Ǥ ʹͶ͵  ʹͶͶ 
Membrane dynamics analysis ʹͶͷ C(LǦͳ cells were transfected with GFPǦLifeAct ȋͷ Ɋg AMAXA kitǦTǡ program TǦͲʹͲȌ ʹͶ͸ and incubated overnight in complete DMEMǤ  Cells were then plated onto a glass ʹͶ͹ bottom dish coated with laminin for ͵ h before imaging within a contained unit at ʹͶͺ ͵͹ιC and ͷΨ COʹǤ TimeǦlapse images were taken using a Nikon microscope with a ʹͶͻ CoolLED GFP filter set ȋͶ͹Ͳ nm LEDȌ and a Nikon Plan Apo VC ͳͲͲxȀͳǤͶ NA oil ʹͷͲ immersion objective and captured using a Photometrics PR)ME cameraǤ  GFP images ʹͷͳ were taken at ͳ frame per second for a total of ͵ minǤ For each frameǡ a binary mask ʹͷʹ was made of the cell based on the intensity of its LifeAct signalǡ and the intensity of ʹͷ͵ an associated edge image made by Canny edge detectionǤ Differences between binary ʹͷͶ images from one frame to the next were used to find areas of extension or retractionǡ ʹͷͷ with extended areas positively valued and retracted areas negatively valuedǤ CoǦʹͷ͸ ordinates for an outline of the binary image of each frame were extracted from the ʹͷ͹ RO) class in )mageJǡ and were used to measure the mean intensity of the ʹͷͺ corresponding difference image in a ͷxͷ px areaǤ These values were then written for ʹͷͻ each cell to a new ʹD image that we refer to as an ̶unwrapped kymograph̶ǡ with ʹ͸Ͳ each two rows representing one frame and each column representing one outline ʹ͸ͳ coordinate point for that frameǤ After smoothing this unwrapped kymographǡ areas ʹ͸ʹ of protrusion were identified by thresholdingǡ with their extension in the y direction ʹ͸͵ ȋtimeȌ measuredǤ This gave us an estimate of the active lifetime of each protrusionǡ ʹ͸Ͷ and a mean protrusion lifetime for each cellǤ )mages were processed using ʹ͸ͷ Metamorph and Fiji softwaresǤ  ʹ͸͸ Plugin used for creating kymograph will be provided upon reasonable requestǤ ʹ͸͹  ʹ͸ͺ 
Rac1 photo activation ʹ͸ͻ 
Transfection	protocol:	MEFs were transiently transfected by electroporation ȋAmaxa ʹ͹Ͳ kit TȌ with ͷ Ɋg of photoactivatable Racͳ plasmid͵ͳ ȋpTriExǦLOVʹǦJaǦRacͳǦmCherryȌǤ ʹ͹ͳ The transfected cells were suspended in complete DMEM mediaǡ and plated onto ʹ͹ʹ lamininǦcoated glassǦbottom ͵ͷ mm dishesǤ  After several hoursǡ the media was ʹ͹͵ 
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replaced with serumǦfree DMEM and incubated overnight in darknessǤ ʹ͹Ͷ 
Imaging:	)maging was performed on a Zeiss ͺͺͲ confocal microscope with a stage ʹ͹ͷ incubator perfused with COʹǤ TimeǦlapse imaging of moderate mCherry expressing ʹ͹͸ cells was done for ͳͷͲ frames at ʹ second intervals between framesǤ Two images ʹ͹͹ were collected for each frame at ͷ͸ͺ nm with biǦdirectional scanning averaged over ʹ͹ͺ two frames to image the mCherry tagǡ and a transmitted light detector to show a ʹ͹ͻ bright field image of the cell morphologyǡ both at ͳͲʹͶxͳͲʹͶ resolutionǤ  An initial ʹͺͲ ʹͻ frames ȋͳ minuteȌ was collected with ͷ͸ͺ nm excitation to document baseline ʹͺͳ protrusive activityǤ Photoactivation of Racͳ was started at frame ͵Ͳǡ and continued ʹͺʹ for each frame to ͳͷͲǡ with a pulse of Ͷͷͺ nm excitation in a ͳͲͲ pixel diameter ʹͺ͵ region of interestǤ  The ͷ͸ͺ nm excitation was at ͹ǤͷΨ laser powerǡ with gain of ͸ͲͲǦʹͺͶ ͺͲͲ depending on the brightness of the cellǡ and the pinhole set at ͵ͲͲ to maximize ʹͺͷ collection of light levels and depth of field to capture rufflesǤ  The Ͷͷͺ nm excitation ʹͺ͸ used laser power of ͳͲΨ and scan speed set for a pixel dwell time of ͺ ɊsecǤ  ʹͺ͹ Movies were processed using the Plugin found in Supplementary Note ͳ ʹͺͺ  ʹͺͻ 
Chemotaxis assay ʹͻͲ Chemotaxis assays with WMͺͷʹ human melanoma cells were performed as ʹͻͳ described in͵ͷǤ Briefly ͺ x ͳͲͶ cells were seeded onto fibronectin coated coverslips ʹͻʹ and left overnight in serumǦfree RPM)Ǥ Coverslips were mounted onto )nsall ʹͻ͵ chambers with RPM) containing ͳͲΨ fetal bovine serum as the chemoattractantǡ ʹͻͶ and images were taken every ͳͷ min for Ͷͺ h with a Nikon TEʹͲͲͲǦE timeǦlapse ʹͻͷ microscope using Metamorph softwareǤ Cells were manually tracked using MTrackJ ʹͻ͸ plugin in FijiǤ  All cells that moved independently of other cells were chosen for ʹͻ͹ trackingǤ  Approximately ͳʹͲ cells were tracked for each condition from ͵ ʹͻͺ independent repeats per condition ȋsee also legend Figure ͸ȌǤ ʹͻͻ  ͵ͲͲ 
Random Migration Assay for Mammalian Cells ͵Ͳͳ ͸Ǧwell glass bottom plates were coated overnight as described aboveǤ ͳxͳͲͷ cells ͵Ͳʹ were plated and imaged every ͳͲ min for ͳ͹ h using a Nikon TEʹͲͲͲ microscopeǡ ͵Ͳ͵ PlanFluor ͳͲxȀͲǤ͵Ͳ objective and equipped with a heated COʹ chamberǤ )mages were ͵ͲͶ analysed using Fiji software͸͵ ȋ)mageJ vͳǤͶͺtȌǤ )ndividual cells were tracked using ͵Ͳͷ the mTrackJ pluginǡ and spider plots were generated using the chemotaxis and ͵Ͳ͸ migration tool plugin ȋvǤͳǤͲͳȌǤ ͵Ͳ͹  ͵Ͳͺ 
Dictyostelium	discoideum Cells ͵Ͳͻ Axenic D.	discoideum strains Ax͵ was used as wildtypeǤ cyri knockout cells were ͵ͳͲ generated in Ax͵ genetic backgroundsǤ Ax͵Ǧderived napA KO cells are described ͵ͳͳ previously͸ͶǤ Cells were grown in (Lͷ medium ȋFormediumȌ with ͳͲͲ UȀml ͵ͳʹ penicillin and ͳͲͲ ɊgȀml streptomycin in ͳͲ cm plastic Petri dishes and incubated at ͵ͳ͵ ʹͳιCǤ  ͵ͳͶ  ͵ͳͷ 
Dictyostelium	discoideum GFP-Trap with Formaldehyde Crosslinking ͵ͳ͸ Cells were collected in PBS and lysed by adding iceǦcold ͵x lysisȀcrosslinking buffer ͵ͳ͹ ȋͳx bufferǣ ʹͲ mM (EPES p( ͹ǤͶǡ ʹ mM MgClʹǡ ͵Ψ formaldehydeǡ ͲǤʹΨ Triton XǦ͵ͳͺ ͳͲͲȌǤ After ͷ min with gentle agitation at Ͷ ιCǡ formaldehyde was quenched for ͵ͳͻ 
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ͳͲmin on ice using ͳǤ͹ͷ M Tris p( ͺǤͲǤ Samples were centrifuged at ʹʹͲͲͲg for Ͷ ͵ʹͲ min at Ͷ ιCǤ Pellet was successively washed and resuspended with ͳ mL of ice cold ͵ʹͳ quenching buffer ȋͲǤͶ M Tris p( ͺǤͲǡ ͲǤʹΨ Triton XǦͳͲͲȌǡ wash buffer A ȋͳͲͲ mM ͵ʹʹ (EPES p( ͹ǤͶǡ ʹ mM MgClʹǡ ͲǤʹΨ Triton XǦͳͲͲȌ and wash buffer B ȋͳͲͲ mM (EPES ͵ʹ͵ p( ͹ǤͶǡ ʹ mM MgClʹȌǡ with ͵ min centrifugation step between washesǤ Final ͵ʹͶ resuspension was performed using ͳmL of iceǦcold R)PA buffer ȋͷͲ mM TrisǦ(Cl p( ͵ʹͷ ͺǤͲǡ ͳͷͲ mM NaClǡ ͲǤͷΨ Triton XǦͳͲͲǡ ͲǤͷΨ sodium deoxycholateǡ ͲǤͳͷΨ SDSǡ ͷ mM ͵ʹ͸ EDTAǡ ʹ mM DTTȌ and incubated ͳh at Ͷ ιC with gentle agitationǤ Supernatants were ͵ʹ͹ mixed with preǦequilibrated GFPǦTrap beads ȋChromotekȌ following manufacturerǯs ͵ʹͺ protocolǤ Beads were washed ͵x with ͷͲ mM TrisǦ(Cl p(  ͺǤͲǡ ͳͷͲ mM NaClǡ ͷ mM ͵ʹͻ EDTA followed by ͳ wash with ͳͲ mM TrisǦ(Cl p( ͺǤͲǤ Samples were eluted after ͵͵Ͳ incubation with ʹx SDS loading buffer and heating ͳͲ min at ͹ͲιC before loading on ͵͵ͳ a SDSǦPAGEǤ ͵͵ʹ   ͵͵͵ 
Dictyostelium	 discoideum GFP-NAP1 �in gel� Proteolytic Digestion � Mass ͵͵Ͷ 
Spectrometry Analysis  ͵͵ͷ Eluates from GFPǦNAPͳ immunoprecipitation were separated by SDSǦPAGE and ͵͵͸ stained with Coomassie blueǤ Each gel lane was divided in ͸ slices and digested͸ͷǤ ͵͵͹ Tryptic peptides from in gel digestions were separated by nanoscale Cͳͺ reverseǦ͵͵ͺ phase liquid chromatography using an EASYǦnLC )) ȋThermo Fisher ScientificȌ ͵͵ͻ coupled online to a Linear Trap Quadrupole Ǧ Orbitrap Velos mass spectrometer ͵ͶͲ ȋThermo ScientificȌ and desalted using a preǦcolumn Cͳͺ NSǦMPǦͳͲ ͳͲͲɊm iǤdǤ x ͲǤʹ ͵Ͷͳ cm of length ȋNanoSeparationsȌǤ Elution was at a flow of ͵ͲͲ nlȀmin over a ͻͲ min ͵Ͷʹ gradientǡ into an analytical column Cͳͺ NSǦACǦͳͳ ͹ͷɊm iǤdǤ x ͳͷ cm of length ͵Ͷ͵ ȋNanoSeparationsȌǤ  For the full scan a resolution of ͵ͲǡͲͲͲ at ͶͲͲ Th was usedǤ The ͵ͶͶ top ten most intense ions were selected for fragmentation in the linear ion trap ͵Ͷͷ using Collision )nduced Dissociation using a maximum injection time of ʹͷ ms or a ͵Ͷ͸ target value of ͷͲͲͲ ionsǤ MS data were acquired using the XCalibur software ͵Ͷ͹ ȋThermo Fisher ScientificȌǤ ͵Ͷͺ  ͵Ͷͻ Raw data obtained were processed with MaxQuant version ͳǤͷǤͷǤͳ͸͸ and Andromeda ͵ͷͲ peak list files ȋǤaplȌ generated were converted to Mascot generic files ȋǤmgfȌ using ͵ͷͳ APL to MGF Converter ȏhttpǣȀȀwwwǤwehiǤeduǤauȀpeopleȀandrewǦwebbȀͳʹͻͺȀaplǦ͵ͷʹ mgfǦconverterǤȐǤ Generated MGF files were searched using Mascot ȋMatrix Scienceǡ ͵ͷ͵ version ʹǤͶǤͳȌǡ querying dictyBase͸͹ ȋͳʹǡ͹͸Ͷ entriesȌ plus an inǦhouse database ͵ͷͶ containing common proteomic contaminants and the sequence of GFPǦNAPͳǤ The ͵ͷͷ common contaminant and reverse hits ȋas defined in MaxQuant outputȌ were ͵ͷ͸ removedǤ  ͵ͷ͹ Mascot was searched assuming trypsin digestion allowing for two miscleavages with ͵ͷͺ a fragment ion mass tolerance of ͲǤ͸ Da and a parent ion tolerance of ͳͷ ppmǤ The ͵ͷͻ iodoacetamide derivative of cysteine was specified in Mascot as a fixed modificationǡ ͵͸Ͳ and oxidation of methionine and phosphorylation of serineǡ threonine and tyrosine ͵͸ͳ were specified in Mascot as variable modificationsǤ  Scaffold ȋversion ͶǤ͵Ǥʹǡ ͵͸ʹ Proteome SoftwareȌ was used to validate MSȀMS based peptide and protein ͵͸͵ identificationsǤ Peptide identifications were accepted if they could be established at ͵͸Ͷ greater than ͻͷǤͲΨ probability as specified by the Peptide Prophet algorithmǡ ͵͸ͷ 
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resulting in a peptide false discovery rate ȋFDRȌ of ͲǤ͸͵ΨʹͲǤ For labelǦfree ͵͸͸ quantificationǡ proteins were quantified according to the labelǦfree quantification ͵͸͹ algorithm available in MaxQuant͸ͺǤ ͵͸ͺ Significantly enriched proteins were selected using a WelchǦtest analysis with a ͷΨ ͵͸ͻ FDRǤ ͵͹Ͳ The mass spectrometry proteomics data have been deposited to the ͵͹ͳ ProteomeXchange Consortium via the PR)DE partner repository with the dataset ͵͹ʹ identifier PXDͲͳͲͶ͸ͲǤ ͵͹͵  ͵͹Ͷ 
Generation and Validation of cyri-knockout and rescued Dictyostelium	͵͹ͷ 
discoideum	͵͹͸ Primers used are detailed in Supplementary Table ͷǤ ͵͹͹ Standard methods were used for construction of all Dictyostelium knockout and reǦ͵͹ͺ expression vectors͸ͻǤ A linear CYR) knockout construct ȋʹ͹ͷͺ bp in lengthȌǡ which ͵͹ͻ consisted of a blasticidin resistance ȋBsrȌ cassette flanked by sequences matching ͷǯ ͵ͺͲ and ͵ǯ regions in the CYRI ȋDDB̴GͲʹ͹ʹͳͻͲ identifier at dictybaseǤorgȌ gene locus ͵ͺͳ ȋͳͺpb crossǦoverȌǡ was made by PCR amplification using the primers set ͳ ȋͷǯ armȌ ͵ͺʹ and set ʹ ȋ͵ǯ armȌǤ PCRǦamplified arms were combined with the Bsr cassette in a ͵ͺ͵ using the primers set ͵Ǥ ͵ͺͶ Knockout clones were screenedȀvalidated by PCRǡ with primers set ͶǤ cyri-knockout ͵ͺͷ yield a ʹͶͷͲ bp PCR productǡ random integrants ȋclones with a KO construct ͵ͺ͸ integration elsewhere in the genomeȌ and wildǦtype yield a ͳͻͺ͵ bp PCR productǤ ͵ͺ͹  ͵ͺͺ Vector for expression of untagged CYR) was obtained by subǦcloning CYR)ǯs ͵ͺͻ genomic coding region into pDM͵ͷͺ͸ͻǤ  A REM)͵͹ ȋnon extraǦchromosomalȌ vector ͵ͻͲ was derived from this by removal of the Dictyostelium plasmid propagation genes ͵ͻͳ and reǦligation of the vector backboneǤ This constructǡ while still having a strong ͵ͻʹ promoterǡ is expected to be present in just one copy per cellǤ ͵ͻ͵  ͵ͻͶ 
Transformation of Dictyostelium	discoideum  ͵ͻͷ ͵ǤͲ x ͳͲ͹ cellsȀtransformation were first centrifuged ȋ͵ minǡ ͵͵Ͳ x gǡ ͶιCȌǡ washed ͵ͻ͸ with ͳͲ ml iceǦcold electroporation buffer ȋEǦbufferǢ ͳͲ mM sodium phosphate ͵ͻ͹ buffer p( ͸Ǥͳǡ ͷͲ mM sucroseȌǡ and resuspended in ͶͲͲ Ɋl iceǦcold EǦbufferǤ Cells ͵ͻͺ were transferred into an iceǦcold ͲǤʹ cm electroporation cuvette and incubated ͷ ͵ͻͻ min with ͲǤͷǦͳǤͲ Ɋg of DNA on iceǤ Cells were electroporated ȋBTXǦ(arvard ͶͲͲ Apparatus ECM ͵ͻͻȌ at ͷͲͲVǡ giving a time constant of ͵ǦͶmsǤ Cells were ͶͲͳ immediately transferred to (Lͷ medium in Petri dishesǤ Appropriate selection ȋͷͲ ͶͲʹ ɊgȀml hygromycin or ͳͲ ɊgȀml GͶͳͺȌ was added the next dayǤ For REM) ͶͲ͵ transfectionsǡ ͳͲ Ɋg of linearized DNA and ͷͲ U of restriction enzyme were usedǡ in ͶͲͶ ͲǤͶcm cuvettes with a BioǦRad Gene Pulser )) set at ͳǤʹkV and ͵ɊFǤ ͶͲͷ  ͶͲ͸ 
Dictyostelium	discoideum CYRI inclusion body purification ͶͲ͹ BLʹͳȋDE͵Ȍ pLysS cells were grown to OD͸ͲͲnm ͲǤʹ and induced with ͲǤʹ mM )PTG for ͶͲͺ ͶhǤ Cells were pelletedǡ frozen and resuspended with ͺͲ mL of lysis buffer ȋͷͲ mM ͶͲͻ TrisǦ(Cl p( ͺǤͲǡ ʹͷ Ψ sucrose ȋwȀvȌǡ ͳ mM EDTAȌ per ͳͲͲg of cellsǤ Cells were lysed ͶͳͲ by adding ͳΨ lysozyme ȋwȀvȌ and kept on ice for ͵Ͳ minǤ Lysate was resuspended Ͷͳͳ 



 ͳͲ

with ͳͲ mM MgClʹǡ ͳmM MnClʹǡ ͳͲɊgȀmL DNase ) and kept for another ͵Ͳ min on Ͷͳʹ iceǤ Finallyǡ ʹͲͲ mL of detergent buffer ȋͲǤʹ M NaClǡ ͳΨ deoxycholic acid ȋwȀvȌǡ ͳΨ Ͷͳ͵ NPͶͲǡ ʹͲ mM TrisǦ(Cl p( ͹Ǥͷǡ ʹ mM EDTAȌ was added to the lysateǡ which is then ͶͳͶ centrifuged at ͷͲͲͲ x g for ͳͲ minǤ Pellet is then washed in ͲǤͷΨ NPͶͲǡ ͳ mM EDTA Ͷͳͷ and this step is repeated until a tight white pellet is obtainedǤ Ͷͳ͸  Ͷͳ͹ 
Dictyostelium	discoideum CYRI antibody production Ͷͳͺ )nclusion bodies were dissolved in sample buffer with DTT and loaded onto a ͳͲΨ Ͷͳͻ BisǦTris acrylamide gel at ͹ͲV at Ͷ ιCǤ Gel was Coomassie stained and fragments of ͶʹͲ the band corresponding to CYR) was sent to BioGenes for injection into ʹ rabbitsǤ Ͷʹͳ Bleeds were collected every second week after initial immunisationȀboost and Ͷʹʹ tested by western blotǤ Ͷʹ͵ ȋTerminal bleed from rabbit ʹ͹͹ʹͶ after ͷth boost used at ͳǣͳͲͲȌǤ ͶʹͶ  Ͷʹͷ 
Dictyostelium	discoideum Under-agarose Chemotaxis Assay Ͷʹ͸ This assay is based on a previous study͹ͲǤ Surface of the ͵Ͳ mm glass bottom dish Ͷʹ͹ ȋMatTekȌ was coated with ͳͲ mgȀml BSA for ͳͲ minǡ washed with d(ʹO and dried Ͷʹͺ for ͷ min inside a laminar flow cabinetǤ ͲǤͶΨ wȀv SeaKem GTG agarose in S)( Ͷʹͻ medium ȋFormediumȌ containing ͳͲ ɊM folate was poured and set for ͳhǤ A well was Ͷ͵Ͳ cut in the agarose and ʹxͳͲ͸ cellsȀmL placed in itǤ After ͵ǦͶh cells were imaged by Ͷ͵ͳ Phase contrast and D)C microscopy with a Nikon Eclipse TEʹͲͲͲǦE microscope Ͷ͵ʹ system equipped with a Q)maging RET)GA EXi FAST ͳ͵ͻͶ CCD camera and a pEǦͳͲͲ Ͷ͵͵ LED illumination system ȋCoolLEDȌ at ͷʹͷ nmǤ A ͳͲέȀ ͲǤͶͷ NA Phͳ objective and a Ͷ͵Ͷ ͸ͲέȀͳǤͶͲ NA apochromatic D)C objective were used for phase contrast and D)Cǡ Ͷ͵ͷ respectivelyǤ )maging was controlled through the ɊManager ͳǤͶǤͻ softwareǤ All Ͷ͵͸ microscopy was carried out at RT and images were analysed with )mageJȀFiji ͳǤͶͻiǤ Ͷ͵͹ Pseudopod rate and split frequency was analysed from the D)C movies and manually Ͷ͵ͺ quantified frame by frameǤ For analysis of cell circularityǡ speed and migration Ͷ͵ͻ parametersǡ automated tracking plugins were developed for )mageJ ȋsee Pluginʹ in ͶͶͲ Supplementary note ʹȌǤ  More information will be supplied upon reasonable requestǤ ͶͶͳ  ͶͶʹ 
Dictyostelium	discoideum	development assay ͶͶ͵ Cells were harvested from axenic growth platesǡ washed twice in phosphate buffer ͶͶͶ ȋͳͲ mM NaȀK phosphate p( ͸ǤͷȌ containing ʹ mM MgClʹ and ͳmM CaClʹǡ and plated ͶͶͷ on ͳΨ wȀv agar prepared in the same bufferǤ For timeǦlapse imaging we used a ͶͶ͸ Nikon Eclipse TEʹͲͲͲǦE microscope fitted with a Prior ProScan )) moving stageǡ and ͶͶ͹ equipped with a Q)maging RET)GA EXi FAST ͳ͵ͻͶ CCD camera and a pEǦͳͲͲ LED ͶͶͺ illumination system ȋCoolLEDȌ at ͷʹͷ nmǤ ͶͶͻ  ͶͷͲ 
cAMP needle assay Ͷͷͳ Cells were developed as described above until territories began to formǡ indicating Ͷͷʹ production and responsiveness to cAMP wavesǤ Cells were harvested and placed into Ͷͷ͵ phosphate buffer and their response to ͳͲ ɊM cAMP ȋEppendorf )njectman N)ʹ ͶͷͶ microinjector with Femtotips ))Ȍ was monitored by timelapse microscopy ȋͳ Ͷͷͷ frameȀͷsecȌ using a Zeiss Axiovert Aͳ body with a planȀneofluar ʹͲx ͲǤͷNA Ͷͷ͸ objective combined with a Q) REtiga cameraǤ  Ͷͷ͹ 
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 Ͷͷͺ 
HSPC300-GFP analysis Ͷͷͻ Wild type or cyri KO Ax͵ cells were transfected with (SPC͵ͲͲǦGFP as described Ͷ͸Ͳ above and timelapse movies were obtained using a Zeiss ͺͺͲ confocal microscopeǤ Ͷ͸ͳ Processed images were used to obtain the unwrapped kymographǤ Plugin used for Ͷ͸ʹ this analysis will be provided upon reasonable requestǤ Ͷ͸͵  Ͷ͸Ͷ  Ͷ͸ͷ 
3D MDCK cysts - Culture Ͷ͸͸ shRNAǦexpressing MDCK cells were split ͳǣͳͲ the day before plating in ͵Dǡ in Ͷ͸͹ puromycinǦfree mediumǤ Chilled ͺǦwell chamber slides were coated by spreading ͷ Ͷ͸ͺ ɊL of undiluted Matrigel over the well surface and transferred to ͵͹ιC incubator for Ͷ͸ͻ ͳͲ minǤ MDCK cells were diluted to ͶxͳͲͶ cellsȀmL in puromycinǦfree medium and Ͷ͹Ͳ thoroughly disaggregated by pipettingǤ Matrigel was then diluted to ͶΨ in MEM Ͷ͹ͳ medium and mixed with the similar volume of cells diluted at ͳǤͷxͳͲͶ cellsȀmLǡ Ͷ͹ʹ bringing the final Matrigel concentration to ʹΨǤ  Wells were filled with ͵ͲͲ ɊL of the Ͷ͹͵ cellǦMatrigel mix and cysts were grown ͷ days at ͵͹ιCǤ Ͷ͹Ͷ  Ͷ͹ͷ 
3D MDCK cysts - Immunofluorescence and Imaging Ͷ͹͸ Medium was aspirated and wells were quickly washed twice with PBSǤ Cysts were Ͷ͹͹ fixed using ͶΨ PFA for ͳͲ minǡ washedǡ and permeabilised for ͳͲ min at RT using Ͷ͹ͺ ͲǤͷΨ Triton XͳͲͲ diluted in PBSǤ Cells were blocked for ͵Ͳ min using PFS ȋͲǤ͹Ψ Ͷ͹ͻ ȋwȀvȌ fish skin gelatin in ͲǤͲʹͷΨ SaponinǦPBSȌǤ Primary antibodies were diluted in ͶͺͲ PFS and incubated overnight at ͶιC with gentle shakingǤ Cysts were washed ͵x in Ͷͺͳ PFS at RTǤ Secondary antibodiesǡ nuclear dye and Phalloidin were diluted at ͳǣʹͲͲ in Ͷͺʹ PFS and incubated for an hour at RT before further washesǤ Chambers were then Ͷͺ͵ kept sealed in ͲǤͲʹΨ NaN͵ǦPBS at ͶιC until analysisǤ Cysts were imaged using the ͶͺͶ Nikon AͳR Z͸ͲͲͷ confocal microscope using either a Plan Apochromat ʹͲxȀͲǤ͹ͷ Ͷͺͷ D)C Nʹ or a Plan Fluor ͳͲxȀͲǤ͵Ͳ D)C LȀNͳ objectiveǤ )n order to sharpen imagesǡ Ͷͺ͸ factor line averaging was set up at ͶǤ ZǦstack images were acquired with a Ͷ Ɋm Ͷͺ͹ increment step from the bottom to the top of the cystǤ  Ͷͺͺ  Ͷͺͻ 
Statistics and Reproducibility ͶͻͲ Data sets were analysed using Prismͷ vͷǤͲc and Prism͹Ǥ Differences between Ͷͻͳ groups were tested for normality and then analysed using the appropriate statistical Ͷͻʹ testǡ mentioned in each figure legendǤ Error bars represent standard error of the Ͷͻ͵ mean ȋSǤEǤMȌ unless stated otherwiseǤ Significance levels are given as followsǣ nsǣ ͶͻͶ 
pεͲǤͲͷǢ ȗ pζͲǤͲͷǢ ȗȗ pζͲǤͲͳǢ ȗȗȗ pζͲǤͲͲͳǤ CochranǦMantelǦ(aenszel test was Ͷͻͷ generated using R software and pǦvalues are mentioned when appropriateǤ Ͷͻ͸ All experiments were repeated independently as biological repeats at least ͵xǡ Ͷͻ͹ unless stated otherwiseǡ and always gave similar trendsǤ )ndividual values are Ͷͻͺ available in Supplementary Table ͸Ǥ Ͷͻͻ  ͷͲͲ 
Data Availability ͷͲͳ Mass spectrometry data have been deposited in ProteomeXchange with the primary ͷͲʹ accession code PXD ͲͳͲͶ͸ͲǤ Source data for Figs ͳǦ͹ and Supplementary Figs ʹǦ͸ ͷͲ͵ 
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have been provided as Supplementary Table ͸Ǥ All other data supporting the ͷͲͶ findings of this study are available from the corresponding authors on reasonable ͷͲͷ requestǤ ͷͲ͸  ͷͲ͹ 
Code Availability ͷͲͺ The code used for analysis of cell protrusions in Figure ͷ is available in ͷͲͻ Supplementary Note ͳǤ  The code used for tracking Dictyostelium migration under ͷͳͲ agarose is available in Supplementary Note ʹǤ  (omemade plugins from this study ͷͳͳ will be made available from the corresponding authors upon reasonable requestǤ ͷͳʹ  ͷͳ͵  ͷͳͶ 
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