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Abstract

The Ras-like GTPase MgIA is a key regulator of front-rear polarity in rod-shaped
Myxococcus xanthus cells. MgIA-GTP localizes to the leading cell pole and stimulates
assembly of the two motility machineries. MglA-GTP localization is spatially constrained by
its cognate GEF, the RomR/RomX complex, and GAP, the MgIB Roadblock-domain protein.
RomR/RomX and MgIB localize similarly with low and high concentrations at the leading and
lagging poles, respectively. Yet, GEF activity dominates at the leading and GAP activity at
the lagging pole by unknown mechanisms. Here, we identify RomY as a co-GAP that
stimulates MgIB GAP activity. The MgIB/RomY interaction is low affinity, restricting complex
formation to the lagging pole with the high MgIB concentration. Our data support a model
wherein RomY, by forming a low-affinity complex with MgIB, ensures that MgIB GAP activity
is spatially precisely confined to the lagging pole, thereby constraining MglA-GTP to the
leading pole establishing front-rear polarity.
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33  Introduction

34  Cell polarity enables essential cellular processes such as growth, division, differentiation,
35 and motility ™. Small GTPases of the Ras superfamily are key cell polarity regulators in

36  eukaryotes and bacteria 48, while they remain underexplored in archaea despite being

37 abundant in several lineages °. Typically, the function of small GTPases in cell polarity is
38  coupled to their subcellular localization #7. A central unresolved question is how the precise

39  subcellular localization of these GTPases is established.

40 Ras superfamily GTPases are molecular switches that alternate between an inactive, GDP-
41 bound and an active, GTP-bound conformation '°. The nucleotide-dependent conformational
42  changes center on the switch-1 and switch-2 regions close to the nucleotide-binding pocket,
43  allowing the GTP-bound GTPase to interact with downstream effectors to implement a

44  specific response '°. The activation/deactivation cycle is regulated by a cognate guanine-

45  nucleotide exchange factor (GEF), which facilitates the exchange of GDP for GTP, and a

46  GTPase activating protein (GAP), which stimulates the low intrinsic GTPase activity '"'2.

47  Generally, the subcellular localization of a small GTPase is brought about by the localized
48  activity of its cognate GEF, while the role played by its cognate GAP is less well-understood
49 48

50 Motility in bacterium Myxococcus xanthus is an excellent model system to investigate how
51 the spatiotemporal regulation of a small GTPase by its cognate GEF and GAP establishes
52  dynamic cell polarity. M. xanthus cells are rod-shaped and translocate across surfaces with
53  defined front-rear polarity, i.e. with a leading and lagging cell pole ”'3. In response to

54  signaling by the Frz chemosensory system, front-rear polarity is inverted, and cells reverse
55 their direction of movement 4. Motility and its regulation by the Frz system are prerequisites
56  for multicellular morphogenesis with the formation of spreading, predatory colonies in the

57  presence of nutrients and spore-filled fruiting bodies in the absence of nutrients 3. M.

58  xanthus has two polarized motility systems. Gliding motility depends on the Agl/Glt

59  complexes that assemble at the leading pole, adhere to the substratum, and disassemble at
60 the lagging pole '*6. In the type IV pili (T4P)-dependent motility system, T4P assemble at
61 the leading pole '” and undergo extension-adhesion-retraction cycles that pull a cell forward
62 '8 Accordingly, during Frz-induced reversals, the cell pole at which the motility

63  machineries assemble switches 11720,

64  Front-rear polarity in M. xanthus is established by the so-called polarity module that consists
65  of the small cytoplasmic GTPase MgIA and its regulators. MglA generates the output of the
66  polarity module and is essential for both motility systems 222, MglA follows the canonical

67  scheme for small GTPases in cell polarity with the active GTP-bound state localizing to the
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68 leading cell pole, while the inactive MglA-GDP is diffuse in the cytoplasm 2324, At the leading
69 pole, MgIA-GTP stimulates assembly of the Agl/Glt complexes 62526 and extension of T4P
70 2728 py interacting with downstream effectors. The cognate GEF and GAP of MglA control its
71  nucleotide-bound state and localization. The RomR/RomX complex has MgIA GEF activity
72 2. In this complex, RomX interacts with MglA to stimulate nucleotide exchange, and this

73 activity is enhanced by RomR 2°. Neither RomX nor RomR share homology with known

74  GEFs in eukaryotes '"'22%, MgIB has MgIA GAP activity in vitro 2324, Structural analyses

75 have demonstrated that MgIB is a homodimeric Roadblock domain-containing protein and
76  forms a 2:1 complex with MgIA-GTP 30-32,

77  The RomR/RomX complex and MgIB also localize polarly and, unexpectedly, localize in the
78  same bipolar asymmetric pattern with a high concentration at the lagging and a low

79  concentration at the leading pole 2324293335 Nonetheless, in vivo evidence supports that

80  GEF activity dominates at the leading pole 2°, while GAP activity dominates at the lagging

81  pole 8273536 RomR/RomX recruits MglIA-GTP to the leading pole via two mechanisms: One
82  depends on GEF activity, and in the second, the RomR/RomX complex interacts directly with
83  MgIA-GTP 2. MgIB, via its GAP activity, excludes MglA from the lagging pole 35-%.

84  Therefore, in the absence of MgIB, MglA-GTP localizes more symmetrically at the cell poles
85 232436 resulting in the formation of T4P at both poles ?” and lack of Agl/Glt complex

86  disassembly at the lagging pole '6. Consequently, cells lose front-rear polarity, hyper-reverse
87 erratically independently of the Frz system, and display little net movement. During the Frz-
88 induced reversals, the polarity of MglA, MgIB and RomR/RomX is inverted 23242934 thus,

89 laying the foundation for the assembly of the motility machineries at the new leading pole.

90 The mechanism underpinning the spatial separation of the GEF and GAP activities to the

91 two cells poles is unclear.

92  Here, we investigated how the RomR/RomX GEF and MgIB GAP activities are spatially

93  separated. We report the identification of MXAN_5749 (from hereon RomY) and

94  demonstrate that RomY is a co-GAP that stimulates MgIB GAP activity. Notably, the

95  MgIB/RomY interaction is low affinity, and, therefore, MgIB/RomY complex formation only
96  occurs at the lagging cell pole with the high MgIB concentration. Consequently, MglB GAP
97  activity is stimulated only at the lagging pole, thereby restricting MglA-GTP to the leading

98 pole. Thus, the key to precisely stimulating MgIB GAP activity only at the lagging pole is that
99  the MgIB/RomY interaction is low-affinity.

100
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101 Results

102 RomY is essential for the correct reversal frequency

103  Using a set of 1611 prokaryotic genomes, we previously used a phylogenomic approach to
104  identify RomX 2°. This approach was based on the observations that MglA and MgIB

105 homologs are widespread in prokaryotes *’. At the same time, RomR has a more narrow
106 distribution and, generally, co-occurs with MglA and MgIB *. We, therefore, reasoned that
107  proteins with a genomic distribution similar to RomR would be candidates for being

108  components of the polarity module. Using this strategy, we also identified the

109  uncharacterized protein RomY (encoded by MXAN_5749) (Fig. 1a).

110 Based on sequence analysis, RomY is a 188-residue cytoplasmic protein. The RomY

111  homologs identified in the 1611 genomes share a conserved N-terminal region, which

112 includes residues 8-89 in RomY of M. xanthus and does not match characterized domain
113  models, and a partially conserved C-terminal motif (Fig. S1a; Supplementary Table 1). The
114  romY locus is partially conserved in Myxococcales, but none of the genes flanking romY has

115  been implicated in motility (Fig. S1b).

116  To characterize RomY function, we generated a romY in-frame deletion mutation (AromY) in
117  the wild-type (WT) strain DK1622. In population-based motility assays, cells were spotted on
118  0.5% and 1.5% agar that are favorable to T4P-dependent and gliding motility, respectively .
119  On 0.5% agar, WT displayed long flares at the colony edge characteristic of T4P-dependent
120  motility, while the ApilA mutant, which cannot assemble T4P, generated smooth colony

121  edges; the AromY mutant formed shorter flares and had significantly reduced colony

122 expansion compared to WT (Fig. 1b). On 1.5% agar, WT displayed single cells at the colony
123 edge characteristic of gliding motility, while the Aag/Q mutant, which lacks a component of
124  the Agl/GIt machinery, did not. The AromY mutant had fewer single cells at the colony edge
125 and significantly reduced colony expansion compared to WT (Fig. 1b). In complementation
126  experiments, ectopic expression of romY from its native promoter on a plasmid integrated in
127  asingle copy at the Mx8 attB site restored the defects in both motility systems (Fig. 1b,c).

128  Ectopically produced RomY accumulated at a level similar to that in WT (Fig. 1c).

129  Using assays to monitor the motility characteristics with single-cell resolution, we observed
130 that for both motility systems, AromY cells moved with speeds similar to WT (Fig. 1d,e,
131  upper panels), but reversed at a significantly higher frequency than WT (Fig. 1d,e, lower
132 panels).

133 Finally, in the absence of the FrzE kinase, which is essential for Frz-induced reversals *°,

134  AromY cells still hyper-reversed (Fig. S2). We conclude that RomY is not necessary for
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135  motility per se but for maintaining the correct reversal frequency. Moreover, the epistasis
136  experiment support that RomY acts downstream of the Frz system to maintain the correct
137  reversal frequency.

138

139 A AromY mutant has the same phenotype as the Amg/B mutant

140  We performed epistasis tests using single-cell motility characteristics as readouts to test

141 whether RomY functions in the same genetic pathway as MglA, MgIB, RomR and RomX. In
142  T4P-dependent motility (Fig. 1d), all single and double mutants except for the AmglA and the
143 AmglAAromY mutants, none of which displayed movement, had speeds similar to WT. The
144  AmglB, AromY and AmgIBAromY mutants had the same hyper-reversing phenotype. As

145  previously reported, the AromR and AromX mutants hypo-reversed 2°4°, while the

146  AromRAromY and AromXAromY double mutants had reversal phenotypes similar to that of
147  the AromY mutant. Because the AmgIB, AromY and AmgIBAromY mutants have the same
148  hyper-reversal phenotype, we included the Amg/IBAromR and Amg/BAromX double mutants;
149  these two mutants had reversal phenotypes similar to that of the Amg/B mutant and the

150 AromRAromY and AromXAromY double mutants.

151  In gliding motility (Fig. 1e), the AmglIA, AromR and AromX mutants are non-motile because
152 no or insufficient MglA-GTP accumulate to stimulate Agl/Glt complex formation. Again, the
153  AmgIB, AromY and AmgIBAromY mutants were similar with respect to speed and had the
154  same hyper-reversal phenotype. Notably, the AromY mutation, similarly to the AmgIB

155  mutation 2, partially alleviated the deleterious effect of the AromR and AromX mutations on
156  gliding.

157  The epistasis experiments support that RomY acts in the same pathway as MglA, MgIB,

158  RomR and RomX. Moreover, we conclude that RomY, similarly to MgIB (Fig. S2) 16232427,
159  acts downstream of the Frz system to maintain correct reversals. Notably, lack of MgIB or
160 RomY causes strikingly similar phenotypes with (1) Frz-independent hyper-reversals and (2)
161  partial suppression of the gliding motility defect in the AromR and AromX mutants. The Frz-
162  independent hyper-reversals caused by lack of MgIB result from the accumulation of MglA-
163  GTP at both poles with the concomitant loss of front-rear polarity '8333° The defect in gliding
164  motility in the AromR and AromX mutants is caused by a lack of MglA GEF activity and,

165 therefore, a low MglA-GTP level. These considerations support that lack of RomY, similarly

166  to lack of MgIB, causes increased accumulation of MglA-GTP.

167 At least three non-mutually exclusive scenarios can explain the increased accumulation of
168  MQgIA-GTP in the AromY mutant: RomY (1) inhibits RomR/RomX GEF activity, (2) stimulates
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169  MgIB GAP activity, or (3) has MglA GAP activity. These scenarios make different predictions.
170  In scenario (1), the AromY mutation would not suppress the gliding defect in the AromR and
171  AromX mutants, and the effects of the AmgIB and AromY mutations on reversal frequency
172 would be additive. Scenario (2) and (3) predict that the AromY mutation would suppress the
173 gliding defect in the AromR and AromX mutants; however, in scenario (2), the effects of the
174  AmglB and AromY mutations would not be additive, while they would be additive in scenario
175  (3). All the results of the epistasis experiments agree with scenario (2), supporting that

176  RomY stimulates MgIB GAP activity.

177

178 RomY is an MgIB co-GAP in vitro

179  Prompted by the above considerations, we examined the effect of RomY on MglA GTPase
180  activity in vitro by measuring released GDP in a coupled enzyme assay or released

181  phosphate (P;) in a malachite green-based assay using purified MglA-Hiss, Hise-MgIB and
182  Strep-RomY (Fig. S3a). MglA-Hiss was preloaded with GTP and then mixed with equimolar
183  amounts of MgIB-Hiss and/or Strep-RomY in the presence of ~300-fold molar excess of

184  GTP. MglA-Hise alone had a low GTPase activity (Fig. 2a). Hise-MgIB stimulated MglA-Hise
185  GTPase activity, while Strep-RomY did not. Importantly, in the presence of both MgIB-Hiss
186  and Strep-RomY, MglA-Hiss GTPase activity increased two-fold compared to MgIB-Hiss only
187  in both assays. Neither MgIB-Hisg nor Strep-RomY had GTPase activity. In conclusion,

188  RomY stimulates MglA GTPase activity but only in the presence of MgIB.

189  Next, we investigated how MglA, MgIB and RomY interact using pull-down experiments with
190 Strep-RomY as the bait. Strep-RomY alone bound to Strep-Tactin beads, while Hiss-MgIB,
191  MglA-Hise-GTP, MglA-Hise-GDP and the Hiss-MalE negative control neither bound alone nor
192  in the presence of Strep-RomY (Fig. S3a,b). We, therefore, speculated that the interaction(s)
193  between RomY and MgIB and/or MglA could be low affinity resulting in transient complex
194  formation. To test this possibility, we added the protein cross-linked dithiobis(succinimidyl
195 propionate) (DSP) to the protein mixtures before affinity chromatography. After elution,

196  crosslinks were broken with dithiothreitol (DTT) and proteins separated by SDS-PAGE.

197  Cross-linked Strep-RomY bound to the Strep-Tactin beads (Fig. 2b), while neither cross-
198 linked Hise-MalE, which served as a negative control, MglB-Hise nor MglA-Hise preloaded
199  with GTP or GDP did (Fig. 2b; Fig. S3c). However, after crosslinking in the presence of

200  Strep-RomY protein, Hise-MgIB and MglA-Hiss preloaded with GTP were retained, while

201 MglA preloaded with GDP and Hiss-MalE were not (Fig. 2b; Fig. S3c).

202  We conclude that RomY interacts separately with MgIB and MgIA-GTP. Because RomY

203  stimulates MglA GTPase activity in an MgIB-dependent manner, we conclude that the three
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204  proteins also form a complex in which all three proteins are present. Because RomY alone
205 does not have MglA GAP activity even though the two proteins interact, we refer to RomY as
206  an MgIB co-GAP. The observation that all interactions were only observed after crosslinking

207  suggests that they are low affinity giving rise to transient complex formation.

208  To gain insights into how RomY may interact with MglA-GTP and the MgIB homodimer, we
209 generated a structural model of RomY using AlphaFold ' and the ColabFold pipeline #2. In
210  all five models generated, residues 7-90, which covers the N-terminal conserved region from
211 residue 8-89 (Fig. S1a), were predicted to fold into a globular domain with high confidence
212 based on Predicted Local Distance Difference Test (pLDDT) and predicted alignment error
213 (pAE), while the remaining parts of RomY was modelled with lower confidence (Fig. 3a; Fig.
214  S4a). Because the N-terminal conserved part of RomY extends from residue 8 to 89, from

215 hereon we refer to residue 1-89 as the N-terminal domain of RomY.

216  To understand how RomY may interact with MglA, the MgIB homodimer and the two proteins
217  in parallel, we used AlphaFold-Multimer “® to generate models of MglA:RomY, (MgIB)2:RomY
218  and MglA:(MgIB)2:RomY complexes as well as of an MglA:(MgIB). complex. All five models
219  of MglA:(MgIB). were predicted with high confidence and are in overall agreement with the
220  solved structure of MgIA-GTPyS:(MgIB). 332 (Fig. S4a,b) documenting the quality of the

221  prediction and that AlphaFold-Multimer models MglA in the GTP-bound form in this complex.

222 For each of the five models of MglA:RomY, (MgIB).:RomY and MglA:(MgIB)2:RomY

223  complexes, we obtained high confidence predictions based on pLDDT and pAE scores

224  including residues 7-90 in RomY (Fig. S4a). Therefore, we only considered the N-terminal
225  domain of RomY in the models. In the MglA:RomY model, MglA had a structure similar to
226  that of the solved structure of MglA-GTPyS 302 (Fig. S4c), and, thus, AlphaFold-Multimer
227  models MgIA in the GTP bound form. Notably, the N-terminal domain of RomY associated
228  with MglA close to the nucleotide-binding pocket (Fig. S4c). In the (MgIB):RomY model, the
229  MglIB homodimer was similar to the solved structure %2, and the RomY N-terminal domain
230 interacted asymmetrically with the two MgIB monomers using a different surface than for the
231  interaction with MglA (Fig. S4d). Finally, in the model of all three proteins, the MglA:(MgIB)
232 part was similar to the solved structure of the MglA-GTPyS:(MgIB). complex 3032 (Fig. S4e),
233 documenting that AlphaFold-Multimer models MgIA in the GTP bond state. Importantly, the
234 N-terminal domain of RomY interacted with MglA and one of the MgIB monomers in the

235  MgIB homodimer, and was positioned close to the nucleotide-binding pocket of MglA (Fig.
236 3b). Thus, the MglA:(MgIB).:RomY model supports that all three proteins interact to form a
237  complex in which they interact in all three pairwise directions and in which MglA is in the

238 GTP-bound state. Also, this model agrees with the interactions detected in the pull-down
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239  experiments (Fig. 2b). Moreover, this model suggests that the N-terminal domain of RomY

240  has a key role in the co-GAP activity of RomY.

241  To test this structural model, we generated a RomY variant (RomYN) that was truncated for
242  the C-terminal part of RomY and only included residue 1-89 (Fig. 3a-b; Fig. S1a). In the

243  GTPase assays, RomYN stimulated MglA GTPase activity in the presence of MgIB almost as
244 efficiently as full-length RomY (Fig. 2a; Fig. S3a). In vivo, a mutant synthesizing RomYN as
245  the only RomY protein had a motility phenotype between WT and the AromY mutant (Fig.
246  3c; Fig. S5a,b). Although neither purified Strep-RomYN nor RomYN synthesized in vivo was
247  detectable in immunoblot analysis with a-RomY antibodies, these observations support that
248  the N-terminal domain of RomY interacts with MglA-GTP as well as the MgIB dimer and that
249  the co-GAP activity largely resides in this region of RomY.

250

251 RomY is essential for sufficient MglB GAP activity in vivo

252 MgIB alone has MgIA GAP activity in vitro. However, the AmgIB and AromY mutations cause
253  similar motility defects in vivo suggesting that RomY is required for sufficient MgIB GAP

254  activity in vivo. Alternatively, MgIB alone is sufficient for GAP activity in vivo, but its

255  concentration is too low to stimulate MglA GTPase activity efficiently. To resolve the

256  importance of RomY for MgIB GAP activity in vivo, we overexpressed MgIB in the presence
257  or absence of RomY. Cells with a low level of MgIA-GTP are non-motile by gliding but move
258  with WT speed and a reduced reversal frequency using the T4P-dependent motility system
259 272940 (Cf. Fig. 1d,e, AromR and AromX mutants). Therefore, we used speed and reversal
260  frequency in T4P-dependent motility as precise and sensitive readouts of GAP activity in

261  these experiments.

262  MgIB and RomY accumulated independently when expressed from their native loci (Fig. 4a).
263  MgIB was ectopically overproduced using a vanillate-inducible promoter (Pyan) in AmgiB
264  strains. In the absence of vanillate, MgIB was not detectable in immunoblots; upon addition
265  of 500 yM vanillate, MgIB accumulated at an ~20-fold higher level than in WT and

266  independently of RomY. The level of RomY was unaffected by the increased MgIB

267  accumulation (Fig. 4a). In the absence of vanillate, the AmgIB/Pyan_mgIB strain containing
268  RomY was similar to the AmgIB strain and hyper-reversed (Fig. 4b; Fig. S6). Importantly, in
269  the presence of vanillate, cells of this strain moved with WT speed but had a reversal

270  frequency significantly below that of WT (Fig. 4b; Fig. S6), indicating a low MgIA-GTP

271  concentration. By contrast, in the absence of RomY, MgIB overproduction did not affect the
272  reversal frequency. In the inverse experiments, RomY was ectopically overproduced from a

273 vanillate-inducible promoter in the absence or presence of MgIB (Fig. 4a; Fig. S6). RomY
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274  overproduction (~10-fold higher than the RomY level in WT) in the presence of MgIB
275  resulted in a reversal frequency significantly below that of WT. By contrast, RomY

276  overexpression in the absence of MgIB did not affect the reversal frequency.

277  We conclude that MgIB and RomY accumulate independently of each other. In addition,

278  neither MgIB nor RomY alone, even when highly overproduced, is sufficient to stimulate

279  sufficiently MglA GTPase activity in vivo. Rather MgIB, even when overproduced, depends
280  on RomY for GAP activity in vivo; similarly, RomY only results in GAP activity in the

281  presence of MgIB in vivo. These observations also support that RomY is an MgIB co-GAP
282  and essential for sufficient MgIB GAP activity in vivo. Notably, overproduction of either MgIB
283  or RomY in the presence of WT levels of RomY or MgIB, respectively, results in increased
284  GAP activity compared to WT. These observations corroborate that the rate-limiting step for
285  MgIB/RomY GAP activity is complex formation and not protein concentration, thus,

286  supporting that the MgIB/RomY interaction is low affinity.
287

288 RomY localizes dynamically to the lagging cell pole in an MglB-dependent manner

289  Our data are consistent with RomY acting as a co-GAP for MgIB in vitro and in vivo. To

290 resolve if RomY contributes to the spatial regulation of MgIB GAP activity in vivo, we

291 determined RomY localization using an ectopically expressed, active RomY-YFP fusion (Fig.
292  S7a,b). By snapshot analysis, RomY-YFP localized in a highly asymmetric pattern with 81%
293  of cells having unipolar or asymmetric bipolar localization (Fig. 5a). In moving cells, the large
294  cluster localized highly asymmetrically to the lagging cell pole (Fig. 5b; see also below).

295 Moreover, RomY-YFP localization was dynamic, and after a reversal, RomY-YFP localized

296  to the new lagging pole (Fig. 5b).

297  To determine how RomY-YFP is targeted to the lagging pole, we interrogated RomY-YFP
298 localization in the absence of MglA, MgIB or RomR, which we used as a proxy for the

299 RomR/RomX complex (Fig 5a). RomY-YFP accumulated as in WT in the absence of each of
300 these proteins (Fig. S7b). In the absence of MglA, the total polar RomY-YFP signal was as in
301  WT and the protein was slightly more unipolar (Fig. 5a). In the absence of MgIB, RomY-YFP
302  polar localization was strongly reduced, and 81% of cells had no polar signals. In the

303 absence of RomR, RomY-YFP polar localization was also decreased, but 54% of cells still
304 had a weak polar signal. Polar localization of MgIB, MglA and RomX is strongly reduced or
305 even abolished in the absence of RomR 22333536 byt MglA, RomR and RomX are still polarly
306 localized in the absence of MgIB 2. In agreement with the direct interaction between RomY
307 and MgIB, we, therefore, conclude that MgIB is the primary polar targeting determinant of

308 RomY-YFP, while MglA has at most a minor role in polar RomY localization. We note that in
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309 the absence of MgIB, there is still some residual unipolar RomY-YFP localization. MglA is
310 more bipolarly localized in the absence of MgIB, supporting that MglA does not bring about
311 this residual polar localization and that yet to be identified factor(s) may have a role in RomY

312  polar localization.

313  To determine the effect of RomY on the proteins of the polarity module, we focused on MglA
314  because this protein generates the output of this module. We also analyzed the two MglA-
315  GTP effectors SgmX and AglZ that localize to the leading pole in an MglA-dependent

316  manner to stimulate the formation of T4P 2728 and assembly of the Agl/GIt complexes ',

317  respectively and, thus, provide a functional readout of the state of the polarity module. As
318  previously shown, MglA-mVenus localized in a highly asymmetric pattern in WT (Fig. 5c; Fig.
319  S7c). Notably, in the absence of RomY, polar localization of MglA-mVenus was increased
320 and switched toward more bipolar symmetric (Fig. 5¢). Thus, RomY, as previously observed
321 for MgIB, is required to exclude MglA-GTP from the lagging pole. In agreement with these
322  observations and that the AromY mutant hyper-reverses in a Frz-independent manner,

323  SgmX-mVenus and AglZ-YFP were shifted from strongly unipolar toward bipolar symmetric
324  in the absence of RomY (Fig. 5¢; Fig. S7d,e). Importantly, in the Amg/B mutant, localization

325 of SgmX and AgIZ is also shifted toward bipolar symmetric 27:3°,

326  Altogether, we conclude that MgIB is the primary determinant of polar RomY localization,
327 that RomY stimulates MgIB GAP activity at the lagging pole, and, together with MgIB, RomY
328 is required to exclude MglA-GTP from this pole.

329
330 RomY specifically stimulates MglB GAP activity at the lagging cell pole

331 Because MgIB is bipolarly asymmetrically localized, we reasoned that for RomY to only
332  stimulate MgIB activity at the lagging pole and, thus, spatially confine RomY/MgIB GAP
333  activity to this pole, RomY would have to be more asymmetrically localized to the lagging
334  pole than MgIB. To this end, we determined the polar asymmetry of RomY-YFP and an
335 active MglB-mVenus fusion (Fig. S7a,f) in moving cells. As shown in Fig. 5d, RomY-YFP
336  was almost exclusively unipolar, while MgIB-mVenus was almost exclusively bipolar

337 asymmetric. Thus, RomY is significantly more asymmetrically localized to the lagging pole
338 than MgIB supporting that RomY only stimulates MgIB GAP activity at this pole.

339
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340 Discussion

341 Inthe rod-shaped M. xanthus cells, the activity of the small GTPase MgIA is spatially

342  restricted to the leading cell pole by the joint action of its cognate GEF and GAP. This spatial
343  regulation ensures that the two motility systems only assemble at this cell pole and is, thus,
344  critical for directed motility. The RomR/RomX GEF and the MgIB GAP localize similarly to
345  the two poles but with GEF and GAP activity dominating at the leading and lagging cell pole,
346  respectively. How this spatial separation of these two activities is brought about has

347 remained unknown. Here, we report the identification of the previously uncharacterized

348 RomY protein and demonstrate that it is an integral part of the polarity module. Specifically,
349  RomY functions as an MgIB co-GAP and, by forming a low-affinity complex with MgIB,

350 precisely stimulates and restricts MglB GAP activity to the lagging cell pole.

351  In vitro MgIB alone has MglA GAP activity, while RomY alone does not. However, RomY
352  stimulates MglA GTPase activity in vitro in the presence of MgIB. In vitro RomY interacts
353  independently with MgIB and MgIA-GTP in pull-down experiments. Because RomY interacts
354  separately with MgIB and MgIA-GTP but does not have GAP activity on its own, we refer to
355 RomY as an MgIB co-GAP. Canonical GAPs of Ras-like GTPases supply either an arginine
356 finger or an asparagine thumb to complete the active site of the GTPase '""'2. By contrast,
357 the MgIB dimer interacts asymmetrically with MglA-GTP and brings about the repositioning
358  of amino acid residues in MglA to generate the active site for GTP hydrolysis 3°-32. An

359  AlphaFold-Multimer based structural model of the MglA:(MgIB)2:RomY complex supports
360 that the N-terminal domain of RomY interacts with one of the MgIB monomers in the MgIB
361 homodimer as well as with MglA close to the nucleotide-binding pocket. Consistently, this
362 RomY domain has partial co-GAP activity in vitro and partial RomY activity in vivo.

363  Continued biochemical work and structural studies will be required to decipher the exact
364 mechanism by which RomY functions as a co-GAP. Nonetheless, we speculate that RomY
365 could increase the affinity of the MgIB homodimer for MglA-GTP and/or cause

366  conformational changes in the active site of MglA.

367 In vitro MgIB alone has GAP activity, which under the conditions of the enzyme assay is

368  stimulated ~two-fold by RomY. However, the AromY mutant phenocopies the Amg/B mutant
369  supporting that RomY is essential for sufficient MgIB GAP activity to regulate polarity in vivo.
370  Even when MgIB was overproduced 20-fold, its activity was dependent on RomY. Our data
371  do not allow us to distinguish whether RomY is essential for MgIB GAP activity or for

372 sufficiently high MglB GAP activity in vivo for MgIB to regulate polarity. We speculate that
373  RomY in vivo, as observed in vitro, boosts MgIB GAP activity to a sufficiently high level to

374  outcompete RomR/RomX GEF activity at the lagging pole.
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375  We only observed the interactions between RomY and MgIB and MglIA-GTP after protein
376  crosslinking, suggesting that the three complexes that RomY can engage in the formation of
377  are low affinity and transient. Overproduction of MgIB in vivo in the presence of WT levels of
378 RomY caused an increase in RomY/MgIB GAP activity. Similarly, overproduction of RomY in
379  the presence of WT levels of MgIB caused an increase in RomY/MgIB GAP activity.

380  Altogether, these observations support that the rate-limiting step for RomY/MgIB GAP

381  activity in WT is the formation of the RomY/MgIB complex rather than protein concentrations,
382  corroborating that the RomY/MgIB complex is a low affinity. In vivo RomY localizes

383  significantly more asymmetrically to the lagging cell pole than MgIB. Building on these

384  observations, we suggest that RomY localizes highly asymmetrically to the lagging cell pole
385  due to the high concentration of MgIB at this pole. By contrast, RomY essentially does not
386 localize to the leading pole because the concentration of MgIB would be too low at this pole
387  to support MgIB/RomY complex formation. In principle, RomY could be recruited to the

388 leading pole by MgIA-GTP; however, we observed that MglA-GTP does not appear to play a
389  role in the polar recruitment of RomY.

390 The RomR/RomX GEF and MgIB GAP are both arranged intracellularly with a high

391  concentration at the lagging pole and a low concentration at the leading pole. Nevertheless,
392  GEF activity dominates at the leading and GAP activity at the lagging cell pole. It has been
393  argued that this localization pattern is ideal to allow stable and switchable polarity and

394  reflects a trade-off between maintaining stable polarity with unidirectional motility between
395 reversals and sensitivity to Frz signaling with an inversion of polarity and cellular reversals 3.
396  However, the "price" that cells pay for this design is the need for a mechanism to separate
397 the GEF and GAP activities spatially. It has remained enigmatic how the spatial regulation of
398 the GEF and GAP is brought about. The data presented here suggest that RomY is an

399 elegant solution to this problem. Specifically, because the RomY/MgIB complex is low-

400  affinity, it is formed at the lagging pole with the high MgIB concentration but not at the

401 leading pole with the low MgIB concentration. In this way, MgIB GAP activity is precisely and
402  only stimulated at the lagging pole.

403 Based on the data reported here, we suggest a revised model for the regulation of front-rear
404  polarity in M. xanthus. In this model, MglA is activated and recruited to the leading pole by
405 the RomR/RomX GEF complex; MgIB at this pole is not active because RomY is absent. At
406  the lagging pole, MglA-GTP is inactivated (i.e. MglA GTPase activity is activated) by the

407 RomY/MgIB GAP complex that specifically forms at this pole and outcompetes RomR/RomX
408  activity (Fig. 6). Thus, the key to the spatially restricted activity of RomY/MgIB is the low

409  affinity of RomY for MgIB.
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410 In eukaryotes, Rho GTPases are key regulators of motility and polarity and their activity is
411  spatially confined to distinct intracellular locations. In some cases, this confinement has been
412  shown to rely on spatially separated GEF and GAP activities. For instance, in Drosophila
413  epithelial cells, Cdc42 colocalizes with its cognate GEFs at the apical membrane while the
414  cognate GAP is at the lateral membrane and assists in restricting Cdc42 activity to the apical
415  membrane *4. Thus, the design principles underlying polarity are overall similar in these

416  systems and M. xanthus. However, in M. xanthus, polarity can be inverted, while it is stably
417  maintained in epithelial cells. As mentioned, it has been suggested that the special

418 arrangement with the RomR/RomX GEF in a “waiting position” at the lagging pole is key to
419  this switchability *¢. Because Ras-like GTPases are also involved in regulating dynamic

420 polarity in eukaryotes *8 we speculate that polarity systems with a design similar to the M.

421  xanthus system may underlie the regulation of dynamic polarity in eukaryotic cells.

422  Small Ras-like GTPases and Roadblock proteins are present in all three domains of life, and
423 it has been suggested that they were present in the last universal common ancestor 374547,
424  Interestingly, proteins containing a Roadblock domain or the structurally related Longin

425  domain, which might have evolved from the Roadblock domain #8, often form heteromeric
426  complexes with GEF or GAP activity. For instance, the Ragulator complex has Rag GEF
427  activity 4>52, the GATOR1 and FLCN/FNIP complexes Rag GAP activity *3-°%, and the Mon1-
428  Ccz1 and TRAPP-Il complexes have Rab7 GEF % and Rab1 GEF % activity, respectively.
429  Thus, the finding that MgIB functions in a complex with RomY follows this theme and add the
430 MgIB/RomY complex to the list of heteromeric Roadblock domain-containing complexes

431  important for regulating small GTPases. These observations also support the idea that

432  cognate GTPase/Roadblock pairs could represent minimal, ancestral pairs of a GTPase and
433  its regulator. During evolution, Roadblock domain-containing proteins would then have

434  become incorporated into more complex GEFs and GAPs to regulate GTPase activity.

435
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436 Methods

437 Cell growth and construction of strains. DK1622 was used as the WT M. xanthus strain and

438  all strains are derivatives of DK1622. M. xanthus strains used are listed in Supplementary
439 Table 2. Plasmids are listed in Supplementary Table 3. In-frame deletions were generated
440  as described %. M. xanthus was grown at 32°C in 1% casitone (CTT) broth * or on 1.5%
441  agar supplemented with 1% CTT and kanamycin (50ug/ml) or oxytetracycline (10ug/ml) if
442  appropriate. Plasmids were integrated by site specific recombination into the Mx8 attB site or
443 by homologous recombination at the native site. All in-frame deletions and plasmid

444  integrations were verified by PCR. Primers used are listed in Supplementary Table 4.

445  Plasmids were propagated in Escherichia coli TOP10 (F-, mcrA, A(mrr-hsdRMS-mcrBC),
446  ©80/acZAM15, AlacX74, deoR, recA1, araD139, A(ara-leu)7679, galU, galK, rpsL, endA1,
447  nupG) unless otherwise stated. E. coli cells were grown in LB or on plates containing LB
448  supplemented with 1.5% agar at 37 °C with added antibiotics if appropriate . All DNA
449  fragments generated by PCR were verified by sequencing.

450  Motility assays and determination of reversal frequency. Population-based motility assays

451  were done as described 3. Briefly, M. xanthus cells from exponentially growing cultures

452  were harvested at 4000x g for 10 min at room temperature (RT) and resuspended in 1%
453  CTT to a calculated density of 7x10° cells mI"'. 5uL aliquots of cell suspensions were placed
454  on 0.5% agar plates supplemented with 0.5% CTT for T4P-dependent motility and 1.5%
455  agar plates supplemented with 0.5% CTT for gliding motility and incubated at 32°C. After
456  24h, colony edges were visualized using a Leica M205FA stereomicroscope and imaged
457  using a Hamamatsu ORCA-flash V2 Digital CMOS camera (Hamamatsu Photonics). For
458  higher magnifications of cells at colony edges on 1.5% agar, cells were visualized using a
459  Leica DMi8 inverted microscope and imaged with a Leica DFC9000 GT camera. Individual
460  cells were tracked as described ?°. Briefly, for T4P-dependent motility, 5uL of exponentially
461  growing cultures were spotted into a 24-well polystyrene plate (Falcon). After 10min at RT,
462  cells were covered with 500uL of 1% methylcellulose in MMC buffer (10mM MOPS (3-(N-
463  morpholino)propanesulfonic acid) pH 7.6, 4mM MgSOQO., 2mM CaCl,), and incubated at RT
464  for 30min. Subsequently, cells were visualized for 10min at 20sec intervals at RT using a
465 Leica DMi8 inverted microscope and a Leica DFC9000 GT camera. Individual cells were
466  tracked using Metamorph 7.5 (Molecular Devices) and ImageJ 1.52b ®' and then the speed
467  of individual cells per 20sec interval as well as the number of reversals per cell per 10min
468  calculated. For gliding, 5uL of exponentially growing cultures were placed on 1.5% agar

469  plates supplemented with 0.5% CTT, covered by a cover slide and incubated at 32°C. After
470 4 to 6h, cells were observed for 15min at 30sec intervals at RT as described above and then
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471  the fraction of moving cells, speed per 30sec interval as well as the number of reversals per

472 15min calculated.

473  For experiment with vanillate, cells were diluted to the same optical density (OD) at 550nm
474  of 0.2, grown for 30min at 32°C in suspension culture, and then vanillate was added to a
475 final concentration of 500uM. Subsequently, cells were grown 3h at 32°C before cells were
476  spotted into a 24-well polystyrene plate (Falcon). After 10min at RT, cells were covered with
477  500uL of 1% methylcellulose in MMC buffer supplemented with 500uM vanillate, and

478 incubated at RT for 30min. Subsequently, cells were visualized for 10min at 20sec intervals

479  at RT as described. Control cultures without vanillate were treated similarly.

480  Fluorescence microscopy. Epifluorescence microscopy was done as described °. Briefly, M.
481  xanthus cells were placed on a thin 1.5% agar pad buffered with TPM buffer (10mM Tris-HCI

482  pH 8.0, 1TmM potassium phosphate buffer pH 7.6, 8mM MgSOQ4) on a glass slide and

483  immediately covered with a coverslip. After 30min at 32°C, cells were visualized using a

484  Leica DMi8 microscope and imaged with Hamamatsu ORCA-flash V2 Digital CMOS camera.
485  Cells in phase contrast images were automatically detected using Oufti 62. Fluorescence

486  signals in segmented cells were identified and analyzed using a custom-made Matlab

487  v2016b (MathWorks) script 2. Briefly, polar clusters were identified when they had an

488  average fluorescence two STDEV above the average cytoplasmic fluorescence and a size of
489  three or more pixels. For each cell with polar clusters, an asymmetry index (w) was

490 calculated as

201 _ total fluorescence at pole 1 — total fluorescence at pole 2

w =
total fluorescence at pole 1 + total fluorescence at pole 2

492 By definition, pole 1 is the pole with the highest fluorescence. w varies between 0 (bipolar
493  symmetric localization) and 1 (unipolar localization). The localization patterns were binned
494  from the w values as follows: unipolar (w > 0.9), bipolar asymmetric (0.9 > w > 0.2) and bipolar

495  symmetric (w<0.2). Diffuse localization was determined when no polar signal was detected.

496  For time-lapse epifluorescence microscopy, cells were prepared as described. Time-lapse
497  recordings were made for 15min with images recorded every 30sec. Data were processed
498  with Metamorph 7.5 and ImagedJ 1.52b. Cells in phase contrast images were automatically
499  detected using Oufti. Fluorescence signals in segmented cells were identified and analyzed
500 using a custom-made Matlab script. Briefly, polar clusters were identified when they had an
501 average fluorescence two STDEV above the average cytoplasmic fluorescence, an average

502 fluorescence two-fold higher than the average the cytoplasmic fluorescence, and a size of
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503 three or more pixels. A custom-made Matlab script was used to track cells, detect reversals,

504 leading and lagging cell poles, and to plot the data.

505 Immunoblot analysis. Immunoblots were done as described . Rabbit polyclonal antibodies

506 a-MglA %, a-MgIB 2%, a-PilC 2° and a-RomY antibodies were used together with goat anti-
507 rabbit immunoglobulin G conjugated with horseradish peroxidase (Sigma) as secondary
508 antibody. Monoclonal mouse anti-polyHistidine antibodies conjugated with peroxidase

509 (Sigma) were used to detect Hisg tagged proteins. To generate rabbit, polyclonal a-RomY
510 antibodies, purified Hisse-RomY was used to immunize rabbit as described . Blots were
511  developed by using Luminata Crescendo Western HRP Substrate (Millipore) and visualized

512 using a LAS-4000 luminescent image analyzer (Fujifilm).

513  Protein purification. All proteins were expressed in E. coli Rosetta 2(DE3) (F- ompT hsdSgrs
514 mg’) gal dcm (DE3 pRARE2) at 18°C or 37°C. To purify Hise-tagged proteins, Ni-NTA affinity
515  purification was used. Briefly, cells were washed in buffer A (50mM Tris pH 7.5, 150mM

516  NaCl, 10mM imidazole, 5%glycerol, 5mM MgCl.) and resuspended in lysis buffer A (50 ml of
517  wash buffer A supplemented with 1mM DTT, 100ug mL™ phenylmethylsulfonyl fluoride

518 (PMSF), 10U mL" DNase 1 and protease inhibitors — Complete Protease Inhibitor Cocktail
519 Tablet (Roche)). Cells were lysed by sonication, cell debris removed by centrifugation

520 (48000x% g, 4°C, 30min), and cell lysate filtered through 0.45 um Polysulfone filter (Filtropur S
521  0.45, Sarstedt). The cleared cell lysate was loaded onto a 5mL HiTrap Chelating HP column
522  (GE Healthcare) preloaded with NiSO4 as described by the manufacturer and equilibrated in
523  buffer A. The column was washed with 20 column volumes of buffer A supplemented with
524  20mM imidazole. Proteins were eluted with buffer A using a linear imidazole gradient from
525  20-500mM. Fractions containing purified MglA-Hise or Hiss.MgIB proteins were combined
526  and loaded onto a HiLoad 16/600 Superdex 75 pg (GE Healthcare) gel filtration column that
527  was equilibrated with buffer A without imidazole for use in GTPase assays or buffer C

528 (20mM HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) pH 8.0, 150mM NaCl,
529  5mM MgCl,) for use in pull-down experiments. Fractions containing Hise-MalE were

530 combined and loaded on a HiLoad 16/600 Superdex 200 pg (GE Healthcare) column

531  equilibrated with buffer C. Fractions containing Hise-tagged proteins were pooled, frozen in

532  liquid nitrogen and stored at -80°C.

533  To purify Strep-RomY and Strep-RomYN, biotin affinity purification was used. Briefly, cells
534  were washed in buffer D (100mM Tris pH 8.0, 150mM NaCl, 1mM EDTA, 1mM DTT) and
535  resuspended in lysis buffer D (50 ml of buffer D supplemented with 100ug mL™' PMSF, 10U
536 mL"' DNase 1 and protease inhibitors — Complete Protease Inhibitor Cocktail Tablet

537 (Roche)). Cells were lysed and cleared lysate prepared as described and loaded onto a 5
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538 mL Strep-Trap HP column (GE Healthcare), equilibrated with buffer D. The column was

539  washed with 20 column volumes of buffer D. Protein was eluted with buffer E (150mM Tris
540 pH 8.0, 150mM NaCl, 1mM EDTA, 2.5mM Desthiobiotin). Elution fractions containing Strep-
541  RomY or StrepRomYN were loaded onto a a HiLoad 16/600 Superdex 200 pg (GE

542  Healthcare) gel filtration column that was equilibrated with buffer A without imidazole for use
543  in GTPase assays or buffer C for use in pull-down experiments. Fractions with Strep-RomY

544  or StrepRomYN were pooled, frozen in liquid nitrogen and stored at -80°C.

545  GTPase assays. GTP-hydrolysis by MglA-Hiss was measured using a continuous,

546  regenerative coupled GTPase assay © or by measuring released inorganic phosphate (P;)
547  after GTP hydrolysis using a malachite green assay 4. The continuous, regenerative

548  coupled GTPase assay was performed in buffer F (50mM Tris pH 7.5, 150mM NaCl, 5%
549  glycerol, 1mM DTT, 7.5mM MgCl,) supplemented with 495uM NADH (Sigma), 2mM

550  phosphoenolpyruvate (Sigma), 18-30U mL™" pyruvate kinase (Sigma) and 27-42 U mL""

551 lactate dehydrogenase (Sigma). MglA-Hiss (final concentration: 10uM) was pre-loaded with
552  GTP (final concentration: 3.3mM) for 30min at RT in buffer F. In parallel, Hiss-MgIB, Strep-
553  RomY, Strep-RomYN or equimolar amount of Hiss-MgIB and Strep-RomY/Strep-RomYN (final
554  concentrations of all proteins: 8.6 yM) were preincubated for 10min at RT in buffer F.

555  Reactions were started in a 96-well plate (Greiner Bio-One) by adding Hise-MgIB and/or
556  Strep-RomY/Strep-RomYN to the MglA/GTP mixture. Final concentrations in these reactions:
557  MglA-Hiss: 3uM, Hise-MgIB: 6uM, Strep-RomY/Strep-RomYN: 6uM, GTP: 1mM. Absorption
558  was measured at 340nm for 60min at 37°C with an Infinite M200 Pro plate-reader (Tecan)
559  and the amount of hydrolyzed GTP per h per molecule of MglA-Hise calculated. For each
560 reaction, background subtracted GTPase activity was calculated as the mean of three

561 technical replicates. In the malachite green assay, released P; during GTP hydrolysis was
562 measured in buffer F. Proteins were used in concentrations and preincubated as described.
563  GTPase reactions were performed in 96-well plates (Greiner Bio-One) at 37°C and started
564 by adding Hiss-MgIB and/or Strep-RomY/Strep-RomYN to the MglA/GTP mixture. Final

565  concentrations as described. After 1h, reactions were stopped and the colour developed
566  according to the manufacturer’'s manual (BioLegend) and absorption at 590nm measured
567  using an Infinite M200 Pro plate-reader (Tecan). Subsequently, released P; was calculated
568 from a standard curve, and the amount of released P; per h per MglA-Hiss molecule

569 calculated.

570  Pull-down experiments. In all experiments involving MglA-Hise, MglA-Hiss was preloaded
571  with GTP or GDP (44.4uM protein, 22.2mM GTP/GDP) for 30min at RT in buffer C.
572  Subsequently, equimolar amounts of Strep-RomY and MglA-Hise, Hise-MgIB or Hise-MalE
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573  were incubated for 30min RT in buffer C. Final concentrations: MglA-Hiss, Hiss-MgIB, Hise-
574  MalE, Strep-RomY: 20uM, GTP/GDP 10mM. Where indicated, DSP was added to a final
575  concentration of 200uM for 5min at RT. Next, all reactions were quenched with Tris pH 7.6
576  added to a final concentration of 100mM and incubated for 15min at RT. Subsequently, 20ul
577  of Strep-Tactin coated magnetic beads (MagStrep ‘type3’ XT beads (IBA-Lifesciences))

578  previously equilibrated with buffer C were added and samples incubated for 30min RT. The
579  beads were washed 10 times with 1mL buffer C. For experiments with GTP or GDP, buffer C
580  was supplemented with 5mM GTP/GDP. Proteins were eluted with 100uL elution buffer (100
581 mM Tris pH 8.0, 150mM NaCl, 1mM EDTA, 50mM biotin). Samples were prepared in SDS-
582  PAGE loading buffer (60mM Tris pH 6.8, 2% SDS, 10% glycerol, 0.005% bromophenol blue,
583 5 mM EDTA) with or without 100mM DTT (final concentration) as indicated. In all SDS—

584  PAGE experiments, equivalent volumes of loading and wash fractions and two-fold more of
585  the elution fraction were loaded and gels stained with Coomassie Brilliant Blue and

586  subsequently analyzed by immunoblotting.

587  AlphaFold structural models. AlphaFold and AlphaFold-multimer structure prediction was

588  done with the ColabFold pipeline 443, ColabFold was executed with default settings where
589  multiple sequence alignments were generated with MMseqgs2 ® and HHsearch . The

590 ColabFold pipeline generates five model ranks. Predicted Local Distance Difference Test
591 (pLDDT) and alignment error (pAE) graphs were generated for each rank with custom

592  Matlab script. Models of the highest confidence based on combined pLDDT and pAE values
593  were used for further investigation and presentation. Structural alignments and images were
594  generated in Pymol (The PyMOL Molecular Graphics System, Version 1.2r3pre,

595  Schrddinger, LLC). For all models, sequences of full-length proteins were used.

596  Bioinformatics. Sequence alignments were done using MUSCLE ¢ with default parameters
597  in MEGA7 8 and alignments were visualized with GeneDoc ®°. Protein domains were
598 identified using SMART °. % similarity/identity between protein homologs were calculated

599  using EMBOSS Needle software (pairwise sequence alignment) "

600  Statistics. Statistics were performed using a two-tailed Student’s t-test for samples with

601  unequal variances.

602  Data availability.-The authors declare that all data supporting this study are available within

603 the article and its Supplementary Information file. The source data underlying Fig. 1b, c, d, e,
604 2a, b, 3c, 4a, b, 53, ¢, d and Supplementary Fig. 2, 3a, b, c, 4a (pLLDT and pAE for selected
605 rank model of RomY, MglA:(MgIB),, MglA:RomY, (MgIB)2:RomY and MglA:(MgIB).:RomY),
606 5b, 6, 7b, c, d, e, f are provided as a Source Data file.
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607  Code availability. The Matlab scripts used in this study are available from the corresponding

608  author upon request.
609
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802 Fig. 1. RomY is a component of the polarity module and important for correct

803 reversals.

804 a. RomY co-occurs with proteins of polarity module. Each column indicates the presence or
805 absence of the relevant gene for the indicated proteins as colored or white boxes,

806  respectively in a set of 1611 prokaryotic genomes. Lowest taxonomic level that includes all

807  species in a group are indicated as phylum (p), class (c) and order (o).

808 b. RomY is important for both motility systems. Cells were incubated on 0.5/1.5% agar with
809 0.5% CTT to score T4P-dependent/gliding motility. Scale bars, 1mm (left), 500 ym (middle),
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810 50 um (right). Numbers, colony expansion in mm in 24hrs as mean + standard deviation

811  (STDEV) (n=3); * P<0.05, two-sided Student’s t-test.

812  c.romY locus and accumulation of RomY. Upper panel, romY locus; numbers in arrows,
813  MXAN locus tags; numbers below, distance between stop and start codons. Cyan arrow,
814 500 bp fragment used for ectopic expression of romY and romY-YFP. Lower panel,

815 immunoblot analysis of RomY accumulation. Cell lysates prepared from same number of
816  cells were separated by SDS—-PAGE and probed with a-RomY antibodies and a-PilC

817  antibodies after stripping (loading control). The experiment was repeated twice with similar
818  results.

819 d, e. RomY is important for correct reversals. Boxes below diagrams indicate the presence
820  or absence of indicated proteins as colored or white boxes, respectively. The Aag/Q mutant
821 is a control that T4P-dependent motility is scored in (d) and gliding in (e). Individual data

822  points from two independent experiments with each n=20 cells (upper panels) and n=50

823  cells (lower panels) are plotted in red and blue. Upper diagrams, speed of cells moving by
824  T4P-dependent motility (d) or gliding (e). Mean+STDEYV is shown for each experiment and
825  for both experiments (black). In (e), numbers indicate mean fractiontSTDEV of moving cells.
826  NA, not applicable because cells are non-motile. Lower panels, boxplots of reversals per cell
827 in 10 or 15min; boxes enclose 25" and 75" percentiles, thick black line indicates the mean
828  and whiskers the 10" and 90" percentiles. In all panels, * P<0.01, two-sided Student’s t-test.
829 Black, cyan and red * indicate comparison to WT, the AromY strain and the AmgIB strain,
830 respectively.

831  Source data for b-e are provided in Source Data file.

832
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835 Fig. 2. RomY stimulates MglA GTPase activity in the presence of MgIB and interact
836  with MglA-GTP and MgIB.

837 a. RomY stimulates MglA GTPase activity in the presence of MgIB. GTPase activity

838 measured as GTP turnover in enzymatic coupled regenerative GTPase assay (left) and
839 released inorganic phosphate in malachite green assay (right), after 1h of incubation. Boxes
840  below diagrams indicate the presence or absence of indicated proteins as colored or white
841  boxes, respectively, GTP was added to 1mM. For Strep-RomY, N indicate Strep-RomYN.
842 Individual data points from three independent experiments are in gray and meantSTDEV
843 indicated. * and #, P<0.05, two-sided Student’s t-test with samples compared to MglA-

844  Hise/Hiss-MgIB/Strep-RomY and MglA-Hises/Hiss-MgIB/Strep-RomYN, respectively.

845 b. RomY interacts with MgIB and MgIA-GTP. Proteins were mixed with final concentrations
846 and 10mM GTP/GDP as indicated in the schematics for 30min at RT, DSP added (final

847  concentration 200uM, 5min, RT), DSP quenched, and proteins applied to Strep-Tactin

848  coated magnetic beads. Fractions before loading (L), the last wash (W) and after elution (E)
849  were separated by SDS—PAGE, gels stained with Coomassie Brilliant Blue (upper panels)
850  and subsequently probed with a-Hiss antibodies (lower panels). All samples were treated
851  with loading buffer containing 100mM DTT to break crosslinks before SDS-PAGE. For each
852  combination, fractions were separated on the same gel. Gaps between lanes indicate lanes
853  deleted for presentation purposes. The experiments in b were repeated twice with similar
854  results.

855  Source data for a-b are provided in Source Data file.
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859  Fig. 3. The N-terminal domain of RomY has partial RomY activity.

860 a. AlphaFold model of RomY. RomY was modeled as a monomer. The N-terminal conserved
861  region up to residue 89 is in teal and the remaining part in cyan. Model rank 1 is shown.

862  b. AlphaFold-Multimer model of the MglA:(MgIB)2:RomY complex. The MglA monomer is in
863  yellow and with the P-loop in purple, switch region-1 in blue and switch region-2 in green, the
864 MgIB homodimer in red, and the N-terminal domain of RomY in teal.

865 c¢. The N-terminal domain of RomY has partial RomY activity. Reversals were tracked in

866  single cells for T4P-dependent and gliding motility as in Fig. 1d, e. Boxes below diagrams
867 indicate the presence or absence of RomY as colored or white boxes, respectively. N

868 indicates RomYN. Individual data points from two independent experiment with each n=50
869 cells are plotted in red and blue. Boxplot is as in Fig. 1d, e. * P<0.05, two-sided Student’s t-
870  test with comparison to WT (black) and the AromY mutant (cyan).

871  Source data for c is provided in Source Data file.

872
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874

875 Fig. 4. RomY is essential for sufficient MgIB sufficient GAP activity in vivo.

876  a. Analysis of MgIB and RomY accumulation by immunoblot analysis in induction

877  experiments. Strains of the indicated genotypes were grown in the presence and absence of
878  500uM vanillate for 3h as indicated. Cell lysates prepared from the same number of cells for
879  each sample were separated by SDS—-PAGE and probed sequentially with a-MgIB, a-RomY
880 and o-PilC (loading control) antibodies with stripping of the membrane before the second
881 and third antibodies. In the legend, + indicates presence of WT gene, A in-frame deletion,
882  0/500uM vanillate concentration, and * the WT grown in the presence of 500uM vanillate.
883  Samples 1-8 and 9-12 were separated on different SDS-PAGE gels that both contained

884  samples 1-4 to enable comparisons of samples between different gels. The experiment was
885  repeated twice with overall similar results.

886 b. Analysis of reversals in T4P-dependent motility upon overproduction of MgIB or RomY.
887  Cells were treated as in (a) and then T4P-dependent single cell motility analyzed. Legend is
888 asin (a). Individual data points from a representative experiment with n=50 cells are plotted
889 in gray. Because the experiment relies on induction of gene expression, protein levels vary
890  slightly between experiments, making the direct comparison between biological replicates
891 difficult. Consequently, data from only one representative experiment is shown. Boxplots are
892 asin Fig. 1d. The experiment was repeated twice with overall similar results.

893  Source data for a-b are provided in Source Data file.

894
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896

897 Fig. 5. RomY localizes dynamically to the lagging cell pole.

898 a. RomY-YFP localization by epi-fluorescence microscopy. In the scatter plot, the

899  percentage of total fluorescence at pole 2 is plotted against the percentage of total

900 fluorescence at pole 1 for all cells with polar cluster(s). Pole 1 is per definition the pole with
901 the highest fluorescence. Individual cells are color-coded according to its localization pattern.
902  Black lines are symmetry lines, grey spots show the mean and numbers in the upper right
903 corner the mean percentage of total fluorescence in the cytoplasm. Horizontal bars below
904 show the percentage of cells with a polar localization pattern and diffuse localization

905 according to the color code. n=200 cells in all strains. Scale bar, 5 um.

906 b. RomY-YFP is dynamically localized to the lagging pole. Cells were imaged by time-lapse
907  epi-fluorescence microscopy every 30s. Scale bar, 1um.

908 c¢. MglA-mVenus, Sgmx-mVenus and AglZ-YFP localization in the absence of RomY. Cells

909 were imaged by epi-fluorescence microscopy, scatter plots and percentage of cells with a
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910 particular localization pattern were determined as in a. n =200 cells for all strains. Scale bar,
911  S5pum.

912  d. Comparison of RomY-YFP and MgIB-mVenus asymmetry in moving cells. Cells were

913  imaged by time-lapse epi-fluorescence microscopy every 30s. An asymmetry index (w) was
914  calculated for cells that moved for three or more successive frames without reversing and
915  excluding the first frame after a reversal and the last frame before a reversal (see Methods).
916  As indicated in the schematics, w = -1, unipolar at lagging pole, w = +1, unipolar at leading
917 pole, and w = 0, bipolar symmetric. Individual data points from two independent experiments
918  (27/33 cells and 48/54 data points for RomY-YFP, and 7/11 cells and 53/53 data points for
919  MgIB-mVenus) are plotted in red and blue. Boxplot is as in Fig. 1d, e. * P<0.005, two-sided
920  Student’s t-test.

921  Experiments in a-c were repeated twice with similar results. Source data for a, c-d are

922  provided in Source Data file.

923
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926  Figure 6. Model for front-rear polarity in M. xanthus.

927  Upper panel, MglA GTPase cycle. The MgIB/RomY complex is shown to indicate that both
928  proteins interact with MglA-GTP and the RomR/RomX complex to indicate that only RomX
929 interacts with MglA. Lower panel, localization of MglA-GTP, MgIB, RomY, RomR, RomX and
930 SgmX in a cell with T4P at the leading pole. Color code as in the upper panel, except that
931  vyellow circles labelled D and T represent MglA-GDP and MglA-GTP, respectively. SgmX is
932 in brown and with the brown arrows indicating its recruitment by MglA-GTP and stimulation
933  of T4P formation. The dark grey arrow indicates stimulation of assembly of the Agl/Glt

934  complexes (light grey) and the incorporation of MglA-GTP into these complexes. Circle sizes
935 indicate the amount of protein at a pole.

936
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