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24 Abstract

25 Duringitslife cycle, Caulobacter crescentus undergoes a series of coordinated shape

26  changes, including generation of a polar stalk and reshaping of the cell envelopeto

27  produce new daughter cells through the process of cytokinesis. The mechanisms by

28  which these morphogenetic processes are coordinated in time and space remain largely
29 unknown. Here we demonstrate that the conserved division complex FtsEX controls both
30 theearly and late stages of cytokinesisin C. crescentus, namely initiation of constriction
31 andfinal cell separation. Aftsk cells display a striking phenotype: cells are chained, with
32  skinny connections between cell bodies resulting from defects in inner membrane fusion
33  and cell separation. Surprisingly, the thin connectionsin AftsE cells share morphological
34  and molecular features with C. crescentus stalks. Our data uncover unanticipated

35 morphogenetic plasticity in C. crescentus, with loss of FtsE causing a stalk-like program
36 totakeover at failed division sites and yield novel cell morphology.
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47  Author Summary

48 Bacterial cell shapeis genetically hardwired and is critical for fitness and, in certain

49  cases, pathogenesis. In most bacteria, a semi-rigid structure called the cell wall surrounds
50 theinner membrane, offering protection against cell lysis while simultaneously

51 maintaining cell shape. A highly dynamic macromolecular structure, the cell wall

52  undergoes extensive remodeling as bacterial cells grow and divide. We demonstrate that
53 abroadly conserved cell divison complex, FtsEX, relays signals from the cytoplasm to
54  thecel wall to regulate key developmental shape changes in the a-proteobacterium

55  Caulobacter crescentus. Consistent with studiesin diverse bacteria, we observe strong
56  synthetic interactions between ftskE and cell wall hydrolytic factors, suggesting that

57  regulation of cell wall remodeling isaconserved function of FtsEX. Loss of FtsE causes
58 morphological defects associated with both the early and late stages of division.

59 Intriguingly, without FtsE, cells frequently fail to separate and instead elaborate athin,
60 tubular structure between cell bodies, a growth mode observed in other a-proteobacteria
61  Overall, our results highlight the plasticity of bacterial cell shape and demonstrate how
62  adtering the activity of one morphogenetic program can produce diverse morphologies
63  resembling those of other bacteriain nature.
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70  Introduction

71 Bacteriaare capable of adopting an impressive array of shapes exquisitely tuned for their
72  particular environmental niches. Underpinning these shapesis the bacterial cell wall,

73 which plays an essential role in specifying and maintaining diverse morphologies[1].

74  Thecel wall consists of alayer of peptidoglycan (PG) composed of glycan strands of
75  repeating disaccharide subunits crosslinked by pentapeptide bridges. In addition to

76  adapting to changing environments, the PG also undergoes dynamic remodeling to drive
77  shape changes during dedicated cellular processes such asdivision [2,3].

78

79  The a-proteobacterium Caulobacter crescentusis an ideal model organism for the study
80  of cdl shape asit undergoes a series of coordinated morphogenetic changes during its
81 cdl cycle. After every division event, C. crescentus produces two distinct daughter cell
82 types. Oneisaflagellated, motile swarmer cell, which contains a flagellum and pili at
83 onecdl pole[4]. Theother isasessile stalked cell, where the polar flagellum has been
84  replaced by athin, tubular extension of the cell envelope known asa stalk [4]. Unableto
85 replicate its chromosome or initiate cell division, a swarmer cell differentiates into a

86 stalked cdl by gecting its flagellum, disassembling its pili, and growing a stalk at the
87 samepole[4]. A stalked cell then elongatesits cell body, replicates and segregates its
88 DNA, and produces aflagellum at the pole opposite its stalk prior to cytokinesis. The
89 asymmetric polarization of digtinct organelles imparts C. crescentus with a highly

90 tractable dimorphic life cycle ideally suited for studying developmental shape changes.
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92 Onecdl cycle event that requires obvious reshaping of the cell envelopeis cell division,
93  which, in nearly all bacteria, requires the conserved tubulin homolog FtsZ. A GTPase,
94  FtsZ polymerizesinto a patchy annular structure (the Z-ring) at the incipient division site
95  and recruits the downstream division machinery or divisome. Together, FtsZ and
96 proteins of the divisome coordinate invagination and fission of the membrane(s) with
97 extensive cell wall remodeling [5]. A number of division proteins are known to interact
98  directly with FtsZ. For many of these regulators, however, their mechanism of action
99 toward FtsZ and physiological rolein divison remain to be discovered. One divison
100 complex that has been particularly enigmatic is the ATP-binding cassette (ABC)
101 trangporter family complex FtsEX, which iswidely conserved in bacteria and functions
102 asaheterodimer with FtsE in the cytoplasm and FtsX in the inner membrane. In
103  Escherichia coli, FtsEX localizes to the septum and contributes to the efficiency of cell
104  divison, particularly in salt-free media[6]. Thereisno evidence that FtSEX actsasa
105 transporter, however, and recent studies from a wide range of bacteria have instead
106 implicated FtsEX in the activation of cell wall hydrolysis[7-11]. Septal PG material
107 needsto be split to alow for outer membrane constriction and ultimately for separation of
108 thetwo new daughter cells. In high salt media, E. coli AftsEX cells exhibit a phenotype
109  similar to cell wall hydrolysis mutants, i.e. cells are chained and mildly filamentous,
110  suggesting a common genetic pathway [9].
111
112  Inaddition toitsinvolvement in cell wall hydrolysis, in E. coli, FtsEX isimportant for
113  therecruitment of late division proteins and the assembly and/or stability of the septal

114  ring[6]. Interestingly, E. coli ftsE mutantsimpaired for ATP binding and hydrolysis
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115  support Z-ring assembly, but constrict poorly [12]. Since HsE interacts with FtsZ in E.
116  coli, one possibility isthat FtsEX functions as a membrane anchor for FtsZ and utilizes
117  ATPbinding and hydrolysis to regulate Z-ring constriction [13,6].

118

119 Inthisstudy, we were originally motivated to characterize FtsEX as a novel membrane
120  anchor for FtsZ in C. crescentus since FtsE is one of thefirst proteins recruited to the
121  nascent division site and isimportant for efficient cell separation and Z-ring assembly
122  and/or gtability [14,15]. Considering the conserved function of FtsEX as amodulator of
123  cel wall remodeling, we asked whether FtsEX, in addition to promoting Z-ring structure,
124 regulates cell wall cleavagein C. crescentus. We find that ftskE has strong synthetic cell
125  separation defects with cell wall hydrolytic factors. Interestingly, however, deleting ftsE
126  produces chains of cell bodies connected by thin, tube-like connections that contain all
127  layersof the cell envelope. Thisisin stark contrast to the thick, uncleaved septa and

128 compartmentalized cytoplasms observed in hydrolysis mutants from E. coli and other
129  organisms. The cell-cell connections of AftsE cells are, instead, morphologically and
130 topologically similar to C. crescentus stalks. In accordance with their shared

131  morphological features, the stalk proteins StpX and PbpC localize to both the skinny
132  connections and stalks of AftsE cells, indicating that stalk formation may be

133  mechanistically similar to the elaboration of the extended constriction sites. Our data
134  reveal unanticipated morphogenetic plasticity in C. crescentus, with a stalk-like program
135 taking over at failed division sitesin the AftsE mutant to yield novel cell morphology.
136
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138 Resaults

139  AftsE cellsform chains connected by skinny constrictions

140 To begin to address therole of FtsEX in C. crescentus, we first attempted to make ftsE
141  and ftsX deletion strains. Although ftsE is annotated as essential [16,14], we successfully
142  made several independent AftsE clones [15]. ftsX is also annotated as essential [16], but
143  unlike ftsk, we were unable to make an ftsX deletion, depletion, or overexpression strain,
144 suggesting that C. crescentus cells are highly sensitive to changesin FtsX levels. To

145 understand therole of the FtsEX complex in C. crescentus morphogenesis, we focused on
146  characterizing the ftsE mutant in detail. AftsE cells displayed a striking division

147  phenotype consisting of chained cells with skinny, extended connections between cell
148 bodies. Consistent with the chaining phenotype, AftsE cells are longer and grow more
149  dowly than WT [15]. Transmission eectron microscopy (TEM) offered us better

150 resolution of cellslacking FtsE (Fig 1). AftsE cell bodies were heterogeneousin length,
151 but overall appeared elongated compared to WT, which suggests a delay or inefficiency
152 intheinitiation of constriction. The thin connections between AftsE cell bodies were also
153  heterogeneousin length, with some extending hundreds of nanometers, and had

154  dimensions qualitatively similar to those observed for stalks (Fig 1B). Overal, the AftsE
155  phenotype supports arole for FtsE both in the initiation of constriction and in late stage
156  cell separation.

157

158  FtsE promotesfocused Z-ring or ganization

159  HsE hasbeen reported to bind FtsZ in E. coli, is one of the first division proteinsto

160 localizeto midcdl after FtsZ in C. crescentus, and C. crescentus AftsE cdlls have aberrant
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161  Z-rings[13-15]. Specifically, in AftsE cells FtsZ is more diffuse and often localizes as
162 clustersof punctainstead of focused Z-rings (Fig 2) [15]. These data suggest that FtsE
163 may regulate early Z-ring structure and/or assembly. Consequently, we tested if ftsE
164 interacted genetically with the positive Z-ring regulator zapA, which, like FsE, isalso
165 recruited early to midcell by FtsZ in C. crescentus[17,14]. AzapAAftsE cells displayed
166  mild synthetic growth and cell length defects, but had severely disrupted, diffuse Z-ring
167  structures (Fig 2). We also observed that AzapAAftsE cells were very sensitive to even
168 dightincreasesin FtsZ levels and were noticeably filamentous after only one hour of
169 ftsZ-cfp expression (Fig 2D). We conclude that FtsE contributes to proper Z-ring

170 focusing at midcell and that the elongated cell bodiesin AftsE are likely due to inefficient
171 initiation of congriction by the aberrant FtsZ structures.

172

173  ExcessFtsE or FtsEX altersthelocalization of FtsZ and new cell wall synthesis

174  Because cdlslacking FtsE have perturbed Z-ring organization, we hypothesized that

175  overproducing FtsE would affect Z-ring structure, particularly if FtsE binds directly to
176  FsZ. Overexpression of either ftsk or ftsEX caused dramatic filamentation, and

177  overexpression of ftskE alone also caused ectopic polesto form (Fig 3). After four hours of
178  HsE overproduction, instead of Z-rings, FtsZ-CFP formed discrete puncta along the

179 length of the filamentous cells (Fig 3A). Interestingly, when we overproduced FtsEX,
180 FtsZ-CFPlocalized in adragtically different pattern, as multiple wide bands (Fig 3A). C.
181  crescentus Z-ring positioning isin part dictated by a negative regulator of FtsZ assembly
182 caled MipZ, which forms a complex near the origin of replication [18]. After the polar

183  originregion isduplicated, the second copy is quickly transported to the opposite cell
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184 pole. Bipolar MipZ thereby directs Z-ring assembly at midcell by inhibiting FtsZ

185 polymerization at the poles [18]. MipZ-Y FP localized at the poles and asfairly regularly
186  spaced punctain cells overproducing FtsE or FtsEX, but its localization was more diffuse
187 incellsoverproducing FtsEX (Fig 3B). We interpret the MipZ localization data as

188  evidence that chromosomal replication and segregation still occur in cells overproducing
189  FtsE despite the inhibition of division; however high levels of FtsSEX may interfere with
190 levelsor localization of MipZ.

191

192 InC. crescentus, FtsZ directs new cell wall synthesis at midcell even before the onset of
193 divison (Fig 3C) [19]. To determine if the FtsZ structures in FtsE or FtsEX

194  overproducing cells were competent to localize new cell wall synthesis, we pulse-labeled
195  celswith the fluorescent D-amino acid hydroxycoumarin-carbonyl-amino-D-alanine
196 (HADA), which can replace D-Ala® or D-Ala/Gly®in the lipid Il peptide side chain, to
197  track theincorporation of newly synthesized PG [20]. High levels of FtsE resulted in
198 diffuse HADA labeling which closely resembled the pattern of HADA incorporation in
199 FtsZ-depleted cells (Fig 3C). This result suggests that the FtsZ puncta associated with
200 ftsE overexpression are unable to direct local cell wall metabolism. Cells overexpressing
201  ftsEX, however, had discrete, wide bands of new PG incorporation, likely directed by the
202  similarly organized Z-ring structures (Fig 3C). Thus, high levels of FtsE or FtsEX not
203  only differentially affect Z-ring organization, but also affect FtsZ’s ability to locally

204  incorporate new cell wall material at midcell. Specifically, the intact FtsEX complex is
205  required both for formation of Z-rings and downstream communication with PG synthetic

206  machinery.
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207

208 ftsE interacts genetically with PG hydrolytic factors and a regulator of stalked pole
209 development

210  Since FtsEX hasbeen implicated in cell wall hydrolysisin numerous bacteria and AftsE
211 celsdisplayed a cell chaining phenotype, we asked whether FtsEX, in addition to

212  promoting Z-ring structure, regulates C. crescentus cell wall hydrolysis. In E. coli,

213  periplasmic N-acetylmuramyl- _-alanine amidases AmiA/B/C are responsible for cleaving
214  bondsthat link stem peptides to glycan strands at the septum [21]. The amidases require
215  activation by the LytM domain containing proteins EnvC, which stimulates AmiA/B, and
216  NIpD, which stimulates AmiC, to split apart septal PG [22,23]. FtsEX directly recruits
217  EnvC to the septum viathe periplasmic extracellular loop (ECL) of FtsX and the coiled
218 coil (CC) domain of EnvC[9]. C. crescentus possesses a limited number of lytic

219 enzymesinvolved in peptidoglycan remodeling, with only a single N-acetylmuramyl- -
220 aanine amidase, most similar to E. coli AmiC [24,25]. There are at least seven genes
221  coding for putative LytM domain containing proteins, however, the only characterized
222  proteininthe C. crescentus LytM family is DipM, which participates in cell wall

223  remodeling and coordinated constriction of the cell envelope layers at the division plane
224 [25-27]. To determine whether the FtsEX PG hydrolysis paradigm appliesto C.

225  crescentus, we performed a BLAST search for E. coli EnvC homologues and found

226 CCNA_03547, which we will hereafter refer to as LytM domain protein F (LdpF)

227  (Martin Thanbichler, personal communication). Like EnvC, LdpFisaLytM domain

228  containing protein with asignal peptide, two N-terminal CC domains, and a C-terminal

10
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229  LytM domain (Fig S1A). We hypothesized that C. crescentus FtsEX-LdpF-AmiC may
230 function in an activation pathway analogous to E. coli FtsEX-EnvC-AmiA/B.

231

232 We first adopted a genetic approach to investigate the role of FtsEX in cel wall
233  hydrolysis during division. In E. coli, FtsEX is required for EnvC's localization at
234  midcdll [9]. However, LdpF-mCherry is diffuse, and we did not observe differencesin its
235 localization between WT and AftsE cells (Fig S1B). Although E. coli cells lacking EnvC
236 or AmiA/B are not as sick as cdls lacking FtsEX, part of the division defect associated
237  with loss of FtsEX may be due to EnvC inactivation [9]. Consistent with this reasoning,
238 in C. crescentus, cells lacking LdpF or AmiC had mild chaining and growth defects
239 compared to Aftsk cells (Fig 4). Depleting AmiC in Aftsk or AldpF backgrounds caused
240 strong synthetic cell separation and growth defects, accompanied by noticeable
241  lengthening of the skinny connections between cell bodies, particularly in the ftsE mutant
242  (Fig 4). Combining AldpF with loss of FtsE produced only mild synthetic growth and
243  chaining defects, which is consistent with them acting in a common pathway (Fig 4).

244

245  E. coli cdlslacking EnvC depend on NIpD for cell separation: simultaneous inactivation
246  of either EnvC or FtsEX and NIpD resultsin severe chaining, supporting the hypothesis
247  that FtsEX activates EnvC'’ s ability to promote septal PG cleavage [22]. In C. crescentus,
248  the LytM protein most closely related to NIpD is DipM, which has similar domain

249  organization to NlpD but differsin that it is not associated with the outer membrane.

250 Depleting AmiC in cellslacking DipM caused a moderate synthetic growth defect,

251  whereas depletion of DipM in AftsE or AldpF cells was synthetic lethal (Fig 5). The

11
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252  synthetic defects associated with loss of DipM with FtsE, LdpF, or AmiC as well asthe
253  digtinct morphology of AdipM cells [25-27] suggests that DipM operatesin a non-

254  redundant, parallel hydrolytic pathway. We also hypothesize, based on the strong

255  synthetic interactions between AmiC and FtsE or LdpF but only mild synthetic defects
256  associated with loss of FtsE and LdpF, that AmiC operates in a hydrolytic pathway

257  separate from FtsE and LdpF. However, it is apparent that all three putative PG

258  hydrolytic pathways contribute to the efficiency of cell separation in C. crescentus.

259

260 Interestingly, in a transposon deep-sequencing analysis to uncover transposon insertions
261 that ater the competitive fitness of AspmX cells, the ftskE and IdpF loci were the first and
262  second least favored insertion sites, respectively, in AspmX cells as compared to WT [28].
263  We therefore tested for synthetic interactions between ftsE and spmX, which encodes a
264  muramidase homolog that localizes to the stalked cell pole and controls the swarmer-to-
265 stalk cell transition [29]. Consistent with the AspmX transposon deep-sequencing results,
266  we observed severe synthetic growth and morphological defects for AftsEAspmX cells,
267 implicating FtsE and LdpF in the stalked pole development pathway, likely through a
268  connection to cell wall remodeling (Fig 5E).

269

270 The CC domain of LdpF interactswith the ECL of FtsX, but LdpF does not activate
271  AmiC PG hydrolysisin vitro

272  To provide biochemical support for our in vivo findings, we purified LdpF, AmiC, DipM,
273 andthe ECL of FtsX, and monitored PG degradation using an in vitro dye rel ease assay

274 [30,23]. Although bacterial two hybrid showed a positive interaction for the ECL of FtsX

12
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275  and the CC domain of LdpF, we did not observe LdpF-activated AmiC PG hydrolysisin
276  vitro (Fig S2; S1 Text). Interestingly, the LytM domain of DipM was sufficient to mildly
277  stimulate AmiC hydrolase activity in vitro (Fig S2C; S1 Text). However, as C.

278  crescentus DipM and AmiC are most similar to the E. coli activator-amidase pair, NlIpD
279 and AmiC, perhaps thisresult isunsurprising. Inlight of the distinct phenotypes of cells
280 lacking DipM and AmiC, however, we suspect that DipM has activities in addition to the
281  regulation of AmiC. Collectively, our genetic and biochemical evidence indicate at least
282  three hydrolytic pathwaysin C. crescentus and implicate a yet unidentified downstream
283  target of FtsEX-LdpF in the regulation of PG metabolism.

284

285  Electron cryotomography reveals unique cell envelope organization at chaining sites
286  Our genetic evidenceis consistent with arole for FtsEX in regulating cell wall hydrolysis
287  for cdl separation. Although TEM highlighted the general cell separation defects of AftsE
288 cdls(Fig 1), dectron cryotomography (ECT) allowed us to dissect the exact stages at
289  which these cells are blocked during division (Fig 6). To capture the cell envelope

290 organization at the skinny cell-cell connections, we imaged cells lacking both FtsE and
291 AmiC sinceloss of AmiC exacerbates the AftsE chaining phenotype (Fig 4). In five out
292  of six tomograms, we could identify with certainty the presence of all layers of the cell
293  envelopein the skinny connections between chained cell bodies (Fig 6). Four of these
294  had obvious cytoplasmic volume between the unfused inner membranes. In at least one
295 example, however, the inner membranes were closely stacked on top of each other, but
296  not fused (Fig 6).

297

13
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298 InWT C. crescentus, the final stages of inner membrane fission are rapid, and the

299 gsmallest diameter for inner membrane connections that have been captured by ECT are
300 ~60nm[31]. In cdlslacking FtsE and AmiC with fairly uniform connections (Fig 6B,
301 D), we observed inner membrane diameters ranging from ~12 to 60 nm. Others were

302  more variable and had intermittent bulging, with inner membrane diameters ranging from
303 ~20to 300 nm within asingle cell-cell connection (Figs 6C, S3). This organization of the
304 cel envelopeisstrikingly different from other mutants deficient in cell wall hydrolysis.
305 E. cali celslacking EnvC and NIpD or all four LytM-domain containing factors

306 complete inner membrane fusion and cytoplasmic compartmentalization, but struggle to
307  constrict their outer membrane due to alayer of intact PG between adjacent chained cells
308 [22]. Similarly, AdipM cells form chains with fused inner membranes and thick,

309 multilayered PG between cell bodies [25,26]. Therefore, the cell envelope organization
310 of cédlslacking FtsE and AmiC, namdy the continuous cytoplasmic connections and

311  narrow spacing between the inner membranes, represents a unique cell separation

312 phenotype and, potentially, a novel pathway for cell separation in C. crescentus.

313

314  AftsE thin connections are mor phologically stalk-like and enriched for stalk proteins
315 Duringitsdimorphic life cycle, C. crescentus elaborates a polar stalk, atubular extension
316 of the cdl envelope important for nutrient uptake [32]. ECT of cells lacking FtsE and
317 AmiC reinforced an observation we had previously made based on TEM of AftsE,

318 namely, the striking morphological similarities between the extended connections of ftsE
319 mutantsand C. crescentus stalks (Figs 1, 6). In addition to sharing approximate widths

320  (~12-300 nm inner membrane diameter for the skinny connections; ~20-40 nm inner

14
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321 membrane diameter for the stalks) and cell envel ope organization, we occasionally

322  observed dectron dense structures that spanned the short axis of the cell envelope of the
323  thin connections (Fig 6). These structures were reminiscent of stalk cross-bands,

324  multiprotein assemblies that transect the stalk at regular intervals and function as

325 diffusion barriers to compartmentalize stalk and cell body periplasmic and membrane
326 proteins(Figs6A,C, D, S3) [33].

327

328  Since stalk growth occurs by incorporation of new material at the cell body-stalk junction
329 [32], we monitored HADA incorporation at the extended constrictions of ftsE mutants.
330 Ingeneral, we observed incorporation of new cell wall material throughout the skinny
331  connections (Fig $4), which contrasts with the pattern of de novo PG synthesis only at the
332 baseof stalks. There are two modes of zonal PG synthesisin C. crescentus. FtsZ-

333 independent PG incorporation at the base of the stalk and FtsZ-dependent PG

334  incorporation at midcell [19]. Interestingly, in AftsE cells, FtsZ is not enriched at the
335  skinny connections suggesting that the new cell wall synthesis occurring throughout the
336  skinny connectionsis an FtsZ-independent process similar to PG synthesis at the base of
337 thestak (Fig $4).

338

339 Motivated by the morphological similarities between the extended constrictions in AftsE
340 cdlsand C. crescentus stalks, we asked if any stalk-specific proteins could localize to the
341  skinny connections. StpX is abitopic membrane protein enriched in the stalk that

342  regulates stalk length [34]. We expressed stpX-cfp in WT, AftskE, and AftsE cellslacking

343 AmiC: StpX-CFP localized to the stalksin all genetic backgrounds, but strikingly, was
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344  also enriched at the skinny constrictionsin the ftsE mutant cells (Fig 7A). The

345  bifunctional penicillin binding protein, PbpC, isinvolved in stalk elongation [35] and is
346  required to sequester StpX at the stalk in WT C. crescentus[37]. To investigate the

347 localization dependency of StpX to the skinny constrictions, we expressed stpX-cfpina
348  AftsEApbpC mutant background. Consistent with previous reports, StpX-CFP was not
349  enriched in stalks in cdlls lacking both FtsE and PbpC. However, StpX-CFP was also not
350 enriched at the skinny connections between cells and instead was diffusely localized at
351 thecdl periphery (Fig 7B). We also expressed pbpC-yfp in WT and AftsE cells and

352  observed enrichment at the base of stalks as well as frequent localization to the skinny
353 connectionsin the ftsE mutant (Fig 7C). Since we observe enrichment of both PbpC and
354  StpX at the skinny connections in Aftsk cells, we hypothesize that PopC initially recruits
355  StpX to the skinny connections and promotes its retention at those sites.

356

357 Considering the presence of both PbpC and StpX at the skinny connections in the ftsk
358  mutant, we monitored the localization of the stalk cross-band protein, StpB. StpB-

359 mChery localized as punctain the stalks of WT, AftsE, and AftsE cells lacking AmiC,
360 but was not enriched at the extended constriction sites (Fig. 7D). Consequently, the

361 proteinaceous, envel ope-spanning discs observed in the ftsE mutant by ECT (Fig 6) may
362 not, in fact, be cross-bands or may differ in molecular composition from stalk cross-

363 bands. We conclude that the skinny connections share numerous morphological and
364 molecular similarities with stalks, but the two structures are not physically or

365 biochemically identical.

366
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367 Discussion

368 Therole of FtsEX in synchronizing PG remodeling with cell division appearsto be

369 conserved amongst distantly related bacterial species such as E. coli, S, pneumoniae, and
370 M. tuberculosis, although the downstream adaptor or enzyme targets vary [7-11]. We
371  provide evidence that this paradigm also extends to the a-proteobacterium C. crescentus.
372  Our dataindicate that FtsE isimportant for initial Z-ring assembly and regulates Z-ring
373  structure in amanner dependent on its stoichiometry with FtsX (Figs 2, 3, 8A). Different
374  levelsof FtsE or FtsEX not only affect FtsZ localization, but also FtsZ function, namely
375 itsability to localize incorporation of new cell wall material (Fig 3). Additionally, our
376 dataimplicate FtsEX in acel wall metabolic pathway involving LdpF and an

377  unidentified downstream cell wall factor regulated by LdpF (Fig 4, 8B). ThusC.

378  crescentus FtsEX, similar to what has been proposed in E. coli, may synchronize PG
379  remodeling with Z-ring constriction during division [9]. ECT of the skinny connections
380 inAftsE revedled a cell envelope architecture remarkably distinct from E. coli hydrolase
381 mutants, however, and an overall morphology that was strikingly stalk-like (Fig 6).

382  Enrichment for stalk proteins StpX and PbpC at the skinny constrictionsin AftsE and a
383  strong genetic interaction between ftsE and the stalked cell fate determinant spmX further
384  support mechanistic overlap between the elaboration of thin connections in ftsE mutants
385 and stalk development (Figs 5, 7, 8A).

386

387  During the late stages of division in C. crescentus, constriction of the inner membrane
388  proceeds until the inner membranes of the two future daughter cell compartments are

389  connected only by asmall tubular structure [31]. Out of thousands of cells Judd and

17


https://doi.org/10.1101/124214
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/124214; this version posted April 4, 2017. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY 4.0 International license.

390 colleagues examined in their study, only five displayed inner membranes with diameters
391 lessthan ~100 nm and the smallest inner membrane connection was 60 nm in diameter
392 [31]. ECT of cdlslacking FtsE and AmiC with fairly uniform connections showed inner
393 membrane diameters ranging from ~12 to 60 nm (Fig 6). Thus, the majority of cells

394  lacking FtsE and AmiC have inner membrane diameters that fall well below the lowest
395 threshold reported for inner membrane diameters at any stage of WT cell division.

396 Furthermore, WT cells spend a short amount of timein these late, transitional stages,
397 perhapsonly afew seconds, and membrane topology changes very rapidly [31]. Inthe
398 case of ftsE mutant cells, the thin connections are abundant in amixed cell population
399 and, based on their nearly abutting inner membranes, are likely blocked or delayed at a
400 terminal stagejust prior to inner membranefission. In WT C. crescentus, the

401  mechanismsunderlying rapid terminal constriction and membrane fusion are unknown
402  [31]. Our dataindicate that FtsEX isimportant for inner membrane fusion, either directly
403  orindirectly, and that in the absence of FtsE, inner membrane fusion frequently fails, PG
404  synthesis continues, and cells elaborate a stalk-like structure.

405

406  Understanding how proteins are targeted specifically to the stalk isimportant for

407  understanding mechanisms of subcellular organization in bacteria as well as stalk

408 function [36]. We have limited knowledge about the molecular pathways responsible for
409 targeting proteinsto the stalk; however, stalked pole geometry, membrane curvature, or
410  unique peptidoglycan motifs are possible mechanismsfor protein localization at the stalk.
411  The observation that both StpX and PbpC localize to the skinny connections in AftsE

412  cdlsprovides an experimental handle for understanding stalk biogenesis and stalk protein
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413 localization cues. In WT C. crescentus, the bactofilins, BacA and BacB, localize at the
414  stalked pole and recruit PopC during the swarmer-to-stalked cell transition [35]. We
415  have not monitored the localization of the bactofilinsin AftsE cells, but we predict that
416 they would localize at the skinny connections upstream of PbpC, similar to the protein
417  recruitment hierarchy observed for stalks. It has been proposed that the membrane

418 curvature at the stalk-cell body junction drives BacAB clustersto localize there [35].

419 These BacAB clusters could likewise recruit PbpC and StpX to the junctions between the
420 cdl bodies and skinny connections in AftsE on the basis of shared membrane curvature
421  with the cell body-stalk junction. Additionally, the composition of the peptidoglycan is
422 purportedly distinct between the cell body and the stalk [37], as stalks are more resistant
423  tolysozymetreatment [38]. PbpC may regulate therigidity of the stalk by dictating a
424 specific cell wall remodeling regime, which may also be active at the skinny connections
425  [35]. The periplasmic N-terminal domain of StpX isrequired for its stalk localization
426  and may recognize PbpC-specific changesin PG chemistry, leading to sequestration of
427  StpX inthe stalk and the skinny constrictions of AftsE cells[34].

428

429  Within a-proteobacteria, asymmetric patterns of growth are particularly well-represented
430 inthe orders Rhizobiales and Caulobacterales[39]. Unlike C. crescentus, which divides
431 by asymmetric binary fission, Rhodomicrobium vannelliei and Hyphomonas neptunium,
432  members of Rhizobiales and Caul obacterales respectively, use a budding mechanism
433  whereby new offspring emerges from the tip of a stalk structure [40,39]. Cédl division
434  thusoccursin an extremely asymmetric manner at the bud neck, producing a stalked

435 mother cell and anon-stalked daughter cell [39]. After initially increasing in cell size by
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436  dispersed PG incorporation, H. neptunium displays a period of zonal growth at the new
437  cdl poleleading to the elaboration of a stalk structure [39]. Thistype of stalk outgrowth
438 issimilar to what occursin other stalked a-proteobacteria like C. crescentus, which

439  suggests conservation of core machinery. The asymmetric manner in which H.

440  neptunium divides exemplifies how stalks may function not only as specialized

441  organelles, but also as division planes, depending on the bacterial species[39]. The
442  morphology of AftsE cells, with thin, stalk-like extensions between cell bodiesis

443  reminiscent of apredivisonal H. neptunium cell where the stalk is closely integrated
444 within the cell division program.

445

446  While specialized protein machineries exist for cell division and cell elongation, thereis
447  no single protein, much less entire machinery, absolutely and specifically required for
448  stalk formation. Since the elongation machinery proteins MreB and RodA contribute to
449  stalk growth and morphogenesis, stalk synthesis has been proposed to be a specialized
450 form of cell elongation [41]. Thus, it ispossible that the skinny, stalk-like connections
451  between cdll bodiesin AftsE are aresult of amodified form of cell elongation, smilar to
452  what has been postulated for stalks[41]. Our data suggest that although the slender

453  connections in AftskE share certain morphological and molecular features with stalks, they
454  arenot, in actuality, ectopic stalks forming at failed division sites. the spatial pattern of
455 PG incorporation is distinct from stalks, the diameters are not as homogeneous as for
456  stalks, and StpB does not localize at the skinny connections (Figs S3, 6, 7). Weinstead
457  favor the hypothesisthat when AftsE cells stall at alate stage in division, the divison

458  machinery disengages and the cell e ongation machinery takes over and elaborates a thin,

20


https://doi.org/10.1101/124214
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/124214; this version posted April 4, 2017. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under

459

460

461

462

463

464

465

466

467

468

469

470

471

472

473

474

475

476

477

478

479

480

481

aCC-BY 4.0 International license.

stalk-like connection. We interpret this phenomenon as an example of morphogenetic
plasticity, whereby small changes to established morphogenetic machineries giveriseto
nove or, in the case of AftsE, modified forms of preexisting structures. Overall, our
findings have important implications for understanding late stage division regulation,
stalk formation, and the coordination of morphogenetic events and machineriesin C.
crescentus. Loss of FtsE has revealed unexpected morphogenetic plasticity between the
divison and stalk synthesis programs and offers insight into the geneses of diverse

morphologies in bacteria.
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482

483 Materialsand Methods

484  Growth conditions for bacterial strains

485  C. crescentus NA100O strains were grown in peptone yeast extract (PY E) medium at
486  30°C[42]. Additives and antibiotics were used at the following concentrationsin liquid
487  (solid) mediafor C. crescentus: xylose 0.3 (0.3)%, glucose 0.2 (0.2)%, vanillate 0.5 (0.5)
488 mM, gentamycin 1 (5) ug ml™, kanamycin 5 (25) ug ml™, spectinomycin 25 (100) ug ml°
489 ! streptomycin (5 pg mi™). Before changesin induction conditions, cells were washed
490 two tothreetimesin plain media. Growth rate analyses were performed in 96-well plates
491  with shaking at 30°C using a Tecan Infinite 200 Pro plate reader. Strains and plasmids
492  used in thisstudy are included as Supporting Information Table S1.

493

494  Light microscopy and image analysis

495 Cdlswereimaged during the log phase of growth after immobilization on 1% agarose
496 pads. Light microscopy was performed on a Nikon Eclipse Ti inverted microscope

497  equipped with a Nikon Plan Fluor x 100 (numeric aperture 1.30) oil Ph3 objective and
498  Photometrics Cool SNAP HQ cooled CCD (charge-coupled device) camera. Chroma
499 filter cubes were used as follows: ET-EYFP for Y FP and ET-ECFP for CFP, ET-dsRED
500 for mCherry and ET-ECFP for HADA. Images were processed in Adobe Photoshop.
501 Automated cell length analysis was performed using Oufti or MicrobeTracker [43]. In
502  MicrobeTracker, algorithm 4 was used for determining cell outlines, with the following
503 parameter change: areaMin=150.

504
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505 Wholecdl TEM

506 Cdlsfrom EG864 and EG1133 were grown in PY E and prepared for whole cell TEM
507  exactly as described [42].

508

509 HADA labeling

510 Cadlsfrom strains EG213, EG379, EG864, EG930, EG1133, EG1252, EG1272, and
511 EG1863 weregrown in PYE. HADA [20] was added to 0.41 mM and the cultures were
512  returned to the shaker for 5 min. The cells were then washed twice with PBS and

513 resuspended in PBS beforeimaging [42].

514

515 Bacterial two-hybrid

516 TheT18 and T25 plasmids were co-transformed into BTH101 (F-, cya-99, araD139,
517 galE15, galK16, rpsL1 (Str "), hsdR2, merAl, merB1; Euromedex) competent cells,

518 plated onto LB agar with ampicillin (100 pg/ul) and kanamycin (50 pug/ul), and incubated
519 overnight at 30°C. Several colonies wereinoculated into LB with ampicillin (100 pg/ul),
520  kanamycin (50 pg/ul), and IPTG (0.5 mM) and incubated at 30°C overnight. The next
521 morning 2 pl of each culture was spotted onto plates containing ampicillin, kanamycin,
522  X-ga (40 pg/ml), and IPTG (0.5 mM) and incubated for 1-2 days at 30°C. Positive
523 interactions were indicated by blue colonies. Every interaction was tested in triplicate.
524

525  Electron cryotomography (ECT)

526  For ECT imaging, strain EG1863 was grown in PY E with xylose. Oncein log phase,

527 EG1863 was washed twice with PY E and resuspended in PY E without xylose to deplete
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528 AmiC. EG1863 was then grown in PY E without xylose for ~6 h, transferred to an

529  eppendorf tube, and shipped on ice to Grant Jensen’slab at Caltech. The total amount of
530 timethe cdls spent onice was ~24 h. We imaged and monitored CFUs of EG1863 cells
531  before shipment and after 24 h of incubation on ice and observed similar growth and
532 morphology. Upon arrival, 1 ml of the EG1863 culture was centrifuged at 3000 rpm for
533 5 minand resuspended in fresh PY E to afinal ODeggo Of ~8. This resuspension was mixed
534  with fiducial markers (10 nm gold beads treated with bovine serum albumin to prevent
535 aggregation) and 2 pl of the resuspension mixture was plunge-frozen on EM gridsin a
536  mixture of liquid ethane and propane [44]. Images were acquired using a 300 keV Polara
537 transmission electron microscope (FEI) equipped with a GIF energy filter (Gatan) and a
538 K2 Summit direct detector (Gatan). Tilt-series were collected from -50° to +50° in 1°
539  increments at magnification of 22,500X using UCSF Tomography software [45] with a
540  defocus of -12 pm and total dosage of 180 /A% Tomograms were calculated using

541 IMOD software [46].

542

543  Protein purification

544  RosettapLysSE. cali céels containing overexpression plasmids for AmiC, LdpF, DipM,
545  and truncated LytM domain protein variants, all with a Hiss-SUMO tag fused to the N-
546  terminus, were purified as described previously with minor changes[15]. Rosetta cells
547  containing the constructs were grown in 1 L of LB at 30°C to an ODgq of 0.4 and then
548 induced with1 mM IPTG for 4 h. Cells were collected by centrifugation at 6000 x g at
549  4°C for 10 minutes and resuspended in 40 ml Column Buffer A (CBA: 50 mM Tris-HCI

550 pH 8.0, 300 mM NaCl, 10% glycerol, 20 mM imidazole) per 1 L of culture. Cellswere
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551  snap-frozen in liquid nitrogen and stored at -80°C until use. Pellets were thawed at 37°C
552  and lysozyme was added to 1 pg/ml and MgCl, to 2.5 mM. Cell suspensions were left on
553 icefor 45 minutes, then sonicated and centrifuged for 30 minutes at 15,000 x g at 4°C.
554  The protein supernatant was filtered and loaded onto a HisTrap FF 1ml column (GE Life
555  Sciences) pre-equilibrated with CBA. The protein was eluted with 30% Column Buffer
556 B (sameas CBA except with 1M imidazole). The protein fractions were combined and
557 Hiss-Ulpl (SUMO protease) was added (1:500 Ulpl:protein molar ratio). The protease
558 and protein fractions were dialyzed overnight at 4°C into CBA. Cleaved protein was run
559  over the same HisTrap FF 1mL column equilibrated in CBA and the flow-through was
560 collected. Flow-through fractions were dialyzed overnight at 4°C into Storage Buffer (50
561 mM HEPES-NaOH pH 7.2, 150 mM NaCl, 10% glycerol). Dialyzed protein was then
562  concentrated (if needed), snap-frozen in liquid-nitrogen, and stored at -80°C.

563

564 RBB labeled sacculi preparation

565  Sacculi were prepared from strain EG865 as described in [23]. C. crescentus cells were
566 grownin 1L of PYE at 30°C, collected at an ODgyo Of 0.6 by centrifugation at 6,000 x g
567 for 10 minutes, and resuspended in 10 ml of PBS. The cell suspension was added drop
568  wiseto 80 ml of boiling 4% sodium dodecyl sulfate (SDS) solution. Cells were boiled
569  and mixed for 30 minutes and then incubated overnight at room temperature. Sacculi
570 werethen pelleted by ultra-centrifugation at ~80,000 x g for 60 minutes at 25°C. Pelleted
571  sacculi were then washed four times with ultra-pure water and resuspended in 1 ml of
572 PBSand 20 ul of 10 mg/ml amylase and incubated at 30°C overnight. The next day,

573  sacculi were pelleted at ~400,000 x g for 15 minutes at room temperature, washed three
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574  timeswith ultra-pure water, and resuspended in 1 ml of water. The sacculi suspension
575 waslabeled with 0.4 ml of 0.2 M remazol-brilliant blue (RBB), 0.3 ml 5 M NaOH, and
576 4.1 ml of water, and incubated at 30°C overnight. The labeled solution was neutralized
577  with 0.4 ml of 5M HCI and 0.75 ml of 10X PBS. Labeled sacculi were pelleted at

578 16,000 x g for 20 minutes at room temperature. The pellet was washed with water until
579  the supernatant was clear. Blue-labelled sacculi were resuspended in 1 ml of 0.2% azide,
580 incubated at 65°C for 3 hours, and then stored at 4°C.

581

582 Dye-release assay

583 Thedye release assay was adapted from [23]. Briefly, 10 ul of RBB-labeled sacculi was
584  incubated at 30°C for 3 hours with AmiC, LdpF variants, DipM variants, or FtsX ECL
585 singly or in combination. All proteinswere used at 4 uM. Total reaction volumes were
586  brought to 100 ul with PBS. Lysozyme (4 uM) was used as a positive control. After 3
587  hours of incubation, reactions were heat inactivated at 95°C for 10 minutes and

588  centrifuged for 20 minutes at 16,000 x g. Supernatants were collected and the absorbance
589  wasmeasured at ODsgs.

590
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777  Figurecaptions

778  Fig 1. Transmission electron microscopy (TEM) of chained AftsE cells with thin,

779  extended connections between cell bodies.

780  (A) Micrograph of WT cells. (B) Micrographs of AftsE cells. * = stalk; # = skinny

781  connection. Scale bar = 2 um.

782

783  Fig 2. ftsE has synthetic growth, cell length, and Z-ring structural defects with Z-ring
784  regulator zapA.

785  (A) Phase contrast micrographs of AftsE, AzapA, and AftsEAzapA cells. (B) Growth

786  curvesof strainsin (A). Doubling time (h) + SEM: EG1080 = 1.78 £ 0.01; EG1133 =
787 1.81+0.02; EG1745 = 1.86 £ 0.02. Differences between strain doubling times were ns
788 by one-way ANOVA. (C) Cdll length analyses of strainsin (A). Mean cell length (um) =
789 SEM: EG1080 = 2.54 £ 0.03; EG1133 = 3.50 + 0.11; EG1745 = 3.94 + 0.10. All pairwise
790  comparisons of mean cell lengths yielded p values < 0.01 by one-way ANOVA. (D)

791 FsZ-CFPlocalization after 1 h of induction in WT, AftsE, AzapA, and AftsEAzapA célls.
792  #=focused Z-ring; * = diffuse, punctate Z-ring. Scale bars =2 pm.

793

794  Fig 3. Overproducing FtsE or FtsEX causes filamentation and affects the localization of
795  FtsZ and new PG.

796  (A) FtsZ-CFP localization after 1 h of induction in cells bearing an empty vector (EV) or
797  overexpressing ftsk or ftsEX for 4 h. (B) MipZ-Y FP localization in cells bearing and EV

798  or overexpressing ftsk or ftsEX for 4 h. (C) HADA labeling of cells depleted for FtsZ for
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4 h, bearing an EV, or overexpressing ftsk or ftsEX for 4 h. * = ectopic poles. Scale bars

=2 um.

Fig 4. Synthetic genetic interactions between amiC, ftsk, and IdpF.
Phase contrast micrographs and serial spot dilutions of (A) WT, Aftsg, and AldpF; (B)
WT and AftsE cells depleted for AmiC for 24 h; (C) WT and AldpF cells depleted for

AmiC for 24 h; (D) WT and AldpF cells depleted for FtsE for 24 h. Scale bar = 2 um.

Fig 5. Synthetic genetic interactions between dipM and amiC, ftsE, or |dpF and between
ftsE and spmX.

Phase contrast micrographs and serial spot dilutions of (A) WT, AftsE, and AdipM; (B)
WT and AdipM cells depleted for AmiC for 24 h; (C) WT and AftsE cells depleted for
DipM for 24 h; (D) WT and AldpF cells depleted for DipM for 24 h; (E) AspmX and

AftsEAspmMX. Scale bar = 2 um.

Fig 6. Electron cryotomography (ECT) of cellslacking FtsE and AmiC reveal stalk-like
connections between cell bodies.

(A) WT C. crescentus stalk with cross-bands. (B) ftsE mutants with skinny connections
most similar to stalks. (C) ftsE mutants with skinny connections that are stalk-like, but
that have regions with heterogeneous widths. (D) ftsE mutants with skinny connections
that are fairly short with inner membranes that are close together or nearly fused.

Abbreviations are as follows: OM = outer membrane, PG = peptidoglycan, IM = inner
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membrane. # = cross-band; * = cross-band-like structure. Scale bar (A) = 200 nm; Scale

bars (B-D) = 100 nm.

Fig 7. Stalk specific proteins StpX and PopC localize to the skinny constrictions in ftsE
mutants.

(A) Localization of StpX-CFP induced for 18 hin WT, AftsE or AftsE cells depleted for
AmiC for 18 h. (B) Localization of StpX-CFP induced for 2.75 h in AftsEApbpC. (C)
Localization of Venus-PbpC induced for 2 hin WT or Aftsk. (D) Localization of cross-
band protein StpB-mCherry induced for 18 hiin WT, AftsE or AftsE cells depleted for
AmiC for 18 h. # = stalk enrichment; * = skinny connection enrichment. Scale bars = 2

pm.

Fig 8.

FtsEX-mediated regulation of congtriction initiation and final cell separation reveals
morphogenetic platicity in C. crescentus.

(A) Cell cyclelocalization of FtsZ and stalk proteinsin WT and AftsE cells. (B) Three

putative cell separation pathwaysin C. crescentus.
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839  Supporting Information Captions

840 Fig Sl. Invivo LdpF-mCherry has adiffuse, patchy localization in WT and AftsE.

841 (A) Predicted domain organization of E. coli EnvC and C. crescentus LdpF. (B)

842  Localization of LdpF-mCherry induced for 4 hin WT or AftskE. Abbreviations are as

843 follows: SS = signa sequence; CC = coiled coil domain; LytM = LytM domain. Scale bar
844  =2pum.

845

846  Fig S2. LdpF bindsthe extracellular loop (ECL) of FtsX but does not activate AmiC in
847  vitro.

848 (A) Bacterial two-hybrid of T18 and T25 fusions to the ECL of FtsX, the coiled cail

849  domain (CC) of LdpF, and the CC cytoplasmic protein ZauP, which was used asa

850 negative contral. (B,C) Dye release assay with RBB-labeled sacculi and purified variants
851 of AmiC, LdpF, DipM, and the ECL of FtsX. Each protein was used at 4 uM and

852  reactionswere incubated at 30°C for 3 h. Reactions were performed in triplicate. *** =
853 p<0.0001 by one-way ANOVA.

854

855  Fig S3. Electron cryotomography (ECT) of cells lacking FtsE and AmiC reveal stalk-like
856  connections of heterogeneous widths.

857  (A) ftsE mutant with skinny connections that are stalk-like, but have regions with

858 heterogeneous widths. (B) WT C. crescentus stalks with cross-bands. # = cross-band.
859 Scalebar (A) = 100 nm; Scale bars (B) = 200 nm.

860
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Fig $4. ftsE mutants incorporate new cell wall material throughout skinny connections
between cell bodies.

HADA labeling of (A) WT, (B) AftsE, and (C) AftsE cells depleted for AmiC for 6 h. (D)
FtsZ-CFP localization after 1 h of induction in Aftsk cells. * = HADA incorporation
throughout skinny connectionsin Aftsk; # = absence of FtsZ at skinny connectionsin

AftsE. Scale bars= 2 pm.

Fig S5. Overproducing LdpF, the LytM domain (LytM) of LdpF or AmiC isnot lytic in
Vivo.

Phase contrast images of cells overproducing LdpF, the LytM of LdpF or AmiC for 24 h.

Scale bar =2 um.

Text S1. Supporting results and discussion describing biochemical investigation of cell

wall hydrolase activities of LytM proteins and AmiC.

Table S1. Strains and plasmids used in this study with their methods of construction.
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