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14  Abstract

15  N6-adenine methylation catalyzed by the DNA methyltransferase CcrM is an essential
16  epigenetic event of the Caulobacter cell cycle. Limiting CcrM to a specific time period
17 during the cell cyclerelies on temporal control of ccrM transcription and CcrM

18  proteolysis. Weinvestigated how Lon, a protease from AAA+ superfamily conserved

19  from bacteriato humans, temporally degrades CcrM to maintain differential

20 chromosomal methylation state, thereby regulating transcription factor synthesis and

21 enabling cell cycle progression. We demonstrate that CcrM degradation by Lon requires
22 DNA asan adaptor for robust proteolysis. Lon, a DNA-bound protein, is constitutively
23 active throughout the cell cycle, but allows CcrM mediated DNA methylation only when
24  CcrM istranscribed and translated upon completion of DNA replication. An additional
25  mechanism to limit CcrM activity to anarrow window of the cell cycleisits

26  sequestration to the pole of the progeny stalked cell, which prevents physical contact with
27 DNA-bound Lon. Thus, we have provided evidence for a novel mechanism for substrate
28  selection by the Lon protease, providing robust cell cycle control mediated by DNA

29  methylation.

30

31 Introduction

32  Epigenetic regulation of gene expression by DNA methylation is a conserved mechanism
33 inall domains of life (Casadesis and Low, 2006; He et a., 2011; Smith and Meissner,
34 2013). In most mammalian and plant cells, DNA methylation refersto the addition of a
35  methyl group to the cytosine bases in the contexts of CG, CHG, and CHH (H=A, C, or
36 T) (Kimand Zilberman, 2014; Lister et al., 2009). In bacteria, DNA methylation was
37 originaly discovered as acomponent of restriction-modification (R-M) systems

38 consisting of an endonuclease and an associated DNA methyltransferase, used to

39 differentiate the genome DNA from invading phage DNA (Bickle and Kriiger, 1993).
40 However, several solitary DNA methyltransferases without apparent cognate restriction
41  enzymes were later identified in many bacterial genomes (Collier, 2009; Sanchez-

42  Romero et al., 2015). These orphan N6-adenine DNA methyltransferases were found to
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43 regulate theinitiation of chromosome replication, DNA mismatch repair, gene expression,
44  and cdl cycle progression (Collier, 2009; Gonzalez et a., 2014; lyer et al., 2006;

45 Reisenauer et al., 1999; Val et al., 2012). The two best-studied examples are

46  the Escherichia coli Dam enzyme (methylating the adenine of GATC) and the

47  Caulobacter crescentus CcrM enzyme (methylating the adenine of GANTC).

48  The a-proteobacterium Caulobacter crescentusisamode system for elucidating the

49  mechanisms leading to an asymmetric cell division. Caulobacter produces two

50  morphologically distinct progeny at each cell divison: amotile swarmer progeny (SWP)
51 and asessile stalked progeny (STP) (Figure 1A). The progeny swarmer cell (G1 phase)
52  cannot initiate chromosome replication until it differentiatesinto a stalked cell (ST),

53  whereasthe progeny stalked cell immediately initiates chromosome replication and enters
54  Sphase (Figure 1A and 1B). Caulobacter initiates chromosome replication once and only
55  once per cel cycle (Marczynski and Shapiro, 2002). Replication initiates on afully

56  methylated chromosome (adenine of GANTC sites is methylated on both strands) and the
57 movement of the replication fork culminates in the generation of two hemi-methylated

58  chromosomes (adenine of GANTC is methylated on only one of the two strands) (Figure
50 1B) (Kozdon et al., 2013). Upon completion of chromosome replication in the pre-

60 divisona (PD) cdl (Figure 1A and 1B), aburst of CcrM protein synthesis converts the
61  hemi-methylated chromosomes back into two fully methylated chromosomes (Figure 1B).
62  The methylation state of GANTC motifs within a subset of promoters directly regulates
63 thetranscription of genes comprising the cyclical genetic circuit that drivesthe cell cycle
64 (Figure 1C). DnaA servesas an initiator of chromosome replication and as atranscription
65  factor that controls the transcription of approximately 50 cell cycle-regulated genes

66 (Hotteset al., 2005). Efficient transcription of dnaA (located close to the origin of

67  replication) requires the GANTC site within its promotor to be in the fully methylated

68  state. Upon replication initiation, the passage of the replication fork converts the dnaA

69  promoter from the fully methylated state to the hemi-methylated state, thus turning down
70  thetranscription of dnaA (Collier et al., 2007). As replication proceeds, the ctrA gene,

71 which ispositioned further from the replication origin, transitions from the fully

72 methylated state to the hemi-methylated state. In the case of the ctrA promoter, itis

73 activated when in the hemi-methylated state (Reisenauer and Shapiro, 2002). The
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74  transcription of ctrAiscontrolled by two promoters, one of which, the ctrAPL, is

75  regulated by DNA methylation in a GerA-dependent manner. The ctrAPL is activated

76  after thereplication fork passes through the ctr AP1 and it becomes hemi-methylated.

77 GcrA stabilizes RNA polymerase holoenzyme by interacting with 670, and stimulates

78  open complex formation via the presence of a preferred methylation site near the ctrAPL
79  (Haakonsen et al., 2015). DnaA and CtrA have opposite modes of function and regulation
80  of their transcription. DnaA activatesinitiation of DNA replication, and transcription of
81 thednaA geneisactivated when its promoter isin afully methylated state. CtrA inhibits
82 initiation of DNA replication, and its transcription is activated by GcrA when its

83  promoter isin the hemi-methylated state. The methylation state of the chromosome,

84  which istemporally modulated by the passage of the replication fork, controls the

85  sequential expression of the DnaA and CtrA master transcription factors, which provide a
86  regulatory hierarchy that activates or represses >300 cell cycle-regulated genes (Zhou et
g7 a., 2015).

88  CcrM ispresent only during a narrow window of the cell cycle (Figure 1A) coincident

89  withitstime of transcription and trandation (Schrader et al., 2016; Zhou et al., 2015).

90 Following itsburst of synthesis, CcrM is cleared from the cell by the Lon protease

91  (Wright et a., 1996). Lon is amember of the AAA+ protease superfamily that iswidely

92  distributed in al kingdoms of life. In alon deficient strain, CcrM remains detectable

93 throughout the cdll cycle, leading to the accumulation of multiple chromosomes (Wright

94 etal., 1996; Zweiger et a., 1994). Constitutive overexpression of CcrM resultsin mis-

95  regulation of over 10% of cell cycle-controlled genes due to the aberrant GANTC

96  methylation state of their promotors (Gonzalez et al., 2014), demonstrating that restricted

97  presence of CcrM to a short time window is essential for controlling cell cycle

98 progression. Because Lon is normally present throughout the cell cycle, the pre-divisional

99  cdl undergoes an “armsrace’ between CcrM synthesis and degradation (Wright et al.,
100  1996). The mechanism that protects CcrM from Lon-mediated degradation in the pre-

101  divisional cell has remained enigmatic.

102 Inthis study, we determined that the robust degradation of CcrM requires the presence of
103  DNA as an adaptor. Lon-mediated proteolysis of CcrM occurs when CcrM binds DNA
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104  €liciting arace between catalysis of N6-adenine methylation and CcrM degradation. The
105  affinities of CcrM-DNA and Lon-DNA are 10-fold higher than that of the direct

106  interaction between CcrM and Lon. High levels of newly synthesized CcrM in the pre-
107  divisional cell tilts the race towards complete methylation of ~4500 chromosomal

108 GANTC sites. Upon cell division, CcrM synthesis stops and Lon degradation of the

109 remaining CcrM wins the race. Each progeny cell acquires a single fully methylated

110  chromosome. The daughter swarmer cell, which cannot initiate DNA replication, exhibits
111  complete degradation of CcrM, in part due to the extended time span of the swarmer-to-
112 stalked cell transition. However, the progeny stalked cell has inadequate time for the

113 complete degradation of remaining CcrM before itsimmediate initiation of DNA

114  replication. Thisraisesthe problem of how the hemi-methylated state of newly

115  synthesized chromosomal DNA is maintained in the stalked progeny during the ensuing
116  replication fork progression. We show here that excess CcrM is sequestered to the pole of
117 the cell away from the chromosome while Lon is bound to DNA, allowing the

118  propagation of hemi-methylated DNA during replication. The sequestration of remaining
119  CcrM begins with theinitiation of chromosome replication and ends prior to the

120  formation of the division plane. The robust combination of CcrM sequestration and

121 clearance of DNA-bound CcrM by Lon protects the replicating chromosome from re-

122 methylation, thereby coordinating gene expression and replication fork progression.

123  Resaults

124  The C-terminal domain of CcrM isrequired for degradation by the Lon protease

125  and for methyltransferase activity

126  ATP-dependent proteases usually rely on terminal sequences for substrate recognition
127 (Joshi and Chien, 2016; Sauer and Baker, 2011). To identify the CcrM degradation tag,
128  wefused an M2 epitope to the N- or C-terminus of natively expressed CcrM on the
129  chromosome. Swarmer cells expressing a sole copy of M2-CcrM or CcrM-M2 were
130  isolated and allowed to proceed synchronously through the cell cycle. Samples were
131  collected every 20 minutes for immunoblot analysis using an anti-CcrM antibody. We
132 observed that M2-CcrM was proteolyzed until the completion of DNA replication,

133  whereas CcrM-M2 was present throughout the cell cycle, indicating that the C-terminal
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134 M2 tag protected CcrM from degradation by interfering with its recognition by Lon
135 (Figure2A).

136 To further validate Lon recognition of the C-terminus of CcrM, truncations lacking the
137 N-terminal 294 residues of CcrM (CcrM65C) or the C-terminal 65 amino acids

138  (CcrMACE5) were generated and fused to Y FP (Figure 2B). Thein vivo degradation rates
139  of these chimeric proteins were measured in wild-type cells and in cells bearing a

140  deletion of Lon. In the presence of Lon, Y FP-CcrM65C was extremely unstable and had
141 ahalf-life of ~ 3 min, whereas Y FP-CcrM AC65 was stable (Figure 2C). In the absence of
142 Lon, both YFP-CcrM65C and Y FP-CcrM AC65 were all stable (Figure 2C). Our data

143 indicate that the CcrM C-terminusis necessary and sufficient for Lon recognition.

144  To determine the precise amino acid sequence of the CcrM degradation tag within the C-
145 termina 65 amino acids, we generated a series of truncations based on the Y FP-

146 CcrM65C construct (Figure 2D). Turnover of the chimeric proteins was quantified using
147 afluorescent microplate reader. The fluorescence levels of wild-type Caulobacter strains
148 harboring plasmids expressing Y FP chimeric protein containing 24, 26, 28, 30, or 65 C-
149  termina amino acids from CcrM were all significantly depressed, suggesting that the C-
150  terminal 24 amino acids of CcrM are sufficient to confer Lon-dependent proteolysis

151 (Figure 2D). The fluorescence data reflect the stability of the chimeric proteinsasall YFP
152 chimeric proteins expressed in aLon deletion strain maintained high levels of

153  fluorescence.

154  Given that the CcrM C-terminusis required for its proteolysis, we asked whether the 65
155  amino acids within the CcrM C-terminus are also required for enzymatic function. We
156  performed in vitro DNA methylation assays using purified CcrM and CcrMACG5 in the
157  presence of a DNA fragment (hereafter named Probe 1) that contains one methylation site
158  (GATTC) (Figure 2E). The distances from the methylation siteto 5’ and 3’ ends of the
159  probewere 1.0 kb and 0.5 kb, respectively. The restriction enzyme Hinfl can be used to
160  distinguish methylated and unmethylated DNA because it cuts only the unmethylated

161  GANTC sequence. When incubated with CcrM and the methyl group donor S-adenosyl
162  methionine (SAM), Hinfl was unableto digest Probe 1, indicating that the GATTC site
163  was methylated (Figure 2E). In contrast, Probe 1 incubated with CcrM AC65 was digested

6
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164 by Hinfl, giving two fragments at 1.0 kb and 0.5 kb in length on agarose gels. Combined,
165  our results demonstrate that C-terminus of CcrM isrequired for both DNA-

166  methyltransferase activity and proteolysis by Lon.
167  Conserved C-terminal motifs determine CcrM DNA binding activity

168  Sequence alignment of the CcrM C-terminus revealed four highly conserved motifs

169  among CcrM homologues in a-proteobacteria (Figure S1A). To investigate the roles of
170  C-terminal conserved motifsin CcrM function, we generated CcrM mutants using alanine
171 substitution at a conserved residue within each motif (Figure S1A). Mutations of ccrM
172 bearing the alanine-subgtitutions shown in Fig S1A were introduced into a ccrM

173 depletion strain and expressed under the control of the native ccrM promotor. In the

174  absence of wild-type CcrM, mutations at S315 and W332 caused severe defects in

175  viahility, cell division and morphology, exhibiting filamentous bacterial growth due to
176 the essentiality of CcrM protein function (Figure S1B-S1D). In vitro gel shift assays were
177 performed using purified CcrM and CcrM S315A to test their DNA binding activity. The
178  results revealed that wild type CcrM bound Probe 1, but CcrM S315A did not, indicating
179  that the S315 mutation abolished DNA binding activity (Figure S1E). A W332A

180  mutation was shown to lack DNA binding activity (Dr. Norbert O. Reich, personal

181  communication). Thus, two motifs within the conserved C-terminus of CcrM are required
182  for DNA binding activity.

183  Lon protease bindsto DNA and is constitutively active during the Caulobacter cell

184 cycle

185  We previously showed that Lon protein abundance does not change during Caul obacter
186  cdll cycle (Wright et al., 1996). Although the protein level of Lon is constant, it is

187  possiblethat Lon activity is cell cycle-dependent. To address this possibility, we assayed
188  Lon activity asafunction of cell cycle progression using a known substrate that is

189  degraded directly by Lon in the absence of adaptors and any accessory factors. To

190  circumvent the possibility that the substrate to be tested has cell cycle-dependent

191  regulation, we generated an exogenous Lon substrate by tagging the C-terminus of the
192 YFP protein with a sul20C Lon degradation tag (Gur and Sauer, 2009) driven by the Py
193  promoter with its constitutive expression induced by xylose. We observed that Y FP-
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194  sul20C was degraded by Lon in a wild-type background, but not in a 4lon Caul obacter
195  mutant (Figure 3A). The Y FP-sul20C substrate was used to assess Lon proteolytic

196  activity in swarmer, stalked, and pre-divisional cells obtained from synchronized cultures.
197  Theresults demonstrate that the degradation rate of Y FP-sul20C is not significantly

198  different in threetypes of cells, suggesting that Lon activity is cell cycle-independent

199  (Figure 3B).

200 InE. coli, up to 95% of Lon molecules are bound to DNA (Karlowicz et a., 2017). To
201  determineif Lon co-localizes with DNA in Caulobacter, we integrated a plasmid bearing
202 atrandational fusion of YFP to the C-terminus of Lon under the control of Py, into the
203  chromosome of atemperature-sensitive (ts) mutant that forms filamentous cells when

204  grown at the restrictive temperature, generating large DNA-free regions (Ward and

205  Newton, 1997). A similar construct was made using a Lon mutant (LonQM) that lacks
206  DNA binding activity (Figure S2A). We ruled out any effect of fusing YFP to Lon N- or
207  C-terminus on Lon function (Figure S2B). Cultures of the ts mutant bearing the Lon-Y FP
208  construct were grown at restrictive temperature in the presence of xylose and imaged by
209  epifluorescence microscopy. We observed that Lon-Y FP co-localized with the DAPI

210 DNA signal and was absent in DNA-free regions (Figure 3C). In contrast, the LonQM-
211 YFPsignal was observed throughout the entire cell, including the DNA-free regions

212 (Figure 3C). Cumulatively, these results suggest that Lon binds DNA in vivo and its

213 proteolytic activity is cell cycle-independent.

214 Both Lon and CcrM are capable of binding to the same DNA probeswith high
215  affinity

216  DNA Binding by CcrM isaprerequisite for its chromosome methylation activity. Given
217  that DNA-bound Lon protease is active throughout the cell cycle, we hypothesized that
218  CcrM, which has been shown to processively move on DNA (Berdiset al., 1998;

219  Woodcock et al., 2017), could be recognized by Lon bound to DNA. To test this

220 hypothesis, we attempted to reconstitute this interaction in vitro using three different
221 DNA probes. Besides the Probe 1 used in our previous methylation assays (Figure 2E),
222 wedesigned Probe 2 by mutating Probe 1's methylation site from GATTC to AATAC.
223 Probe 3isfrom aregion upstream of the pil A gene lacking any GANTC motif (Figure
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224 4A). Gel shift assays demonstrated that the purified CcrM protein can bind Probes 1, 2,
225  and 3, suggesting that the DNA binding capability of CcrM does not require the GANTC
226 motif (Figure 4B). As expected, in this assay purified CcrMACB5, lacking the DNA

227  binding domain failed to exhibit DNA binding activity (Figure 4B). This results also

228  accounts for the observations that the CcrM mutations at S315 and W332 led to complete
229  inactivation of DNA binding and methyltransferase activity (Figure S1). We found that
230 thepurified Lon protease also bindsto al three probes (Figure 4B). Because

231  unmethylated DNA is absent in vivo, we sought to investigate the DNA binding

232 capabilities of CcrM and Lon using hemi-methylated and fully-methylated DNA probes.
233  Weobtained fully-methylated DNA by incubating PCR-generated Probe 1 with purified
234 CcrM protein. The hemi-methylated DNA probe was generated by hybridization of fully-
235  methylated and unmethylated DNA probes. The methylation states of these DNA probes
236  were confirmed by overlapping restriction digestions (Figure S3A and S3B). We found
237 that the binding capabilities of CcrM to DNA, aswell asto the Lon protease, are

238  methylation state-independent (Figure S3C). Our results support the hypothesis that both
239  CcrM and Lon are capable of binding to DNA probes simultaneously and independent of
240 methylation state.

241 To measure the affinities of Lon binding to DNA and Lon binding to CcrM, we used

242 microscale thermophoresis (MST) assays (Wienken et al., 2010). To perform MST assays,
243  wefirst labeled lysine residues on LonS674A, a mutant protein that lacks proteolytic

244 activity but retains DNA binding activity (Figure S2A) (Botos et al., 2004; Karlowicz et
245  a., 2017), with the Atto-488 dye, asindicated by LonS674A*. We then measured the

246  changein the thermophoresis of LonS674A* over a 2-fold serial dilution of either CcrM
247  or Probe 1. Direct binding was observed between LonS674A* and CcrM (Kp = 1178 £ 85
248  nM) (Figure 4C) and between LonS674A* and Probe 1 (Kp = 83.7 = 8.8 nM) (Figure 4D).
249  Thus, thereis a~14-fold-weaker affinity between LonS674A* and CcrM than between
250 LonS674A* and DNA Probe 1. Recent studies on DNA recognition by CcrM reported an
251 equilibrium dissociation constant of 108 + 20 nM for double-stranded DNA (Woodcock
252 et al., 2017). We performed a quantitative Western blot to determine the concentration of
253  CcrM invivo at the 120 minutes-post-synchrony timepoint, using purified CcrM to

254 calibrate a standard curve (Figure S3D). We determined that the intracellular
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255  concentration of CcrM ranged from 950 - 1280 nM over three measurements, averaging
256 1090 £ 135 nM for pre-divisional cells (Figure S3D). The highest intracellular

257 concentration of CcrM approached the Kp value of CcrM-Lon direct interaction. These
258  findings demonstrate that both Lon and CcrM associates with DNA in vivo and in vitro,
259  suggesting that degradation of CcrM in vivo may occur whileit isbound to DNA (Figure
260 4E).

261  DNA playsan adapter rolein CcrM proteolysis by Lon

262  Totest whether the presence of DNA can stimulate CcrM proteolysis by Lon, we

263  performed in vitro degradation assays in the presence of the DNA probes described in
264  Figure 4A. The addition of Probe 1, containing the GATTC methylation recognition Site,
265 dramatically boosted CcrM degradation (Figure 5A). Strikingly, the addition of Probe 2
266  (the same as Probe 1 but with a scrambled DNA methylation site) or Probe 3 (with a non-
267  specific DNA sequence) produced CcrM degradation rates similar to that observed in the
268  presence of Probe 1. These results suggest that CcrM degradation stimulated by DNA

269  does not depend on the presence of a methylation site or a specific DNA sequence

270  (Figure5A). As a negative control, the degradation of CcrM AC65 was not observed in
271 thepresence or absence of DNA (Figure 5A). Titration of DNA showed that increasing
272 concentrationsincreased the rate of CcrM proteolysis, but reached a maximum rate of

273 degradation around 10 nM concentration of DNA (Figure 5B). DNA has been reported to
274  stimulate Lon ATPase activity (Charette et al., 1984; Chung and Goldberg, 1982;

275  Zehnbauer et al., 1981). We found that both DNA and the degradation substrate CcrM
276  stimulate Lon ATPase activity, but that addition of both did not further stimulate the

277 ATPase (Figure 5C). Degradation kinetics of B-casein, a non-DNA binding Lon substrate,
278  was also measured in the presence and absence of DNA. We did not observe stimulated
279  B-casein proteolysis, indicating that DNA-facilitated proteolysis might be restricted to
280 DNA-binding substrates (Figure S4A). To test whether stimulated proteolysis requires
281  both CcrM and Lon to bind DNA, we performed in vitro degradation assays using

282 previoudly identified DNA-binding deficient mutants, CcrM S315A (Figure S1E) and

283  LonQM (Figure S2A). The LonQM mutant exhibited intact proteolytic activity on [3-

284  casein, anon-DNA binding substrate (Figure $4B). We found that DNA failed to

10
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285  stimulate CcrM S315A degradation by wild-type Lon. Similarly, CcrM degradation by
286 LonQM was not stimulated by the addition of DNA (Figure 5D). Thus, DNA-facilitated
287  proteolysis requires both protease and substrate to bind DNA.

288  Further, we performed co-immunoprecipitation (Co-IP) of the reconstituted reactionsto
289  determine whether CcrM-Lon-DNA can form nucleoprotein complexes. We first

290  conducted Co-IP using low concentrations of CcrM substrate (0.4 uM). CcrM co-

291  immunoprecipitated with LonS674A only if DNA was present, demonstrating that

292 recognition of CcrM by Lon relies on the presence of DNA (Figure 5E). Only a small
203  fraction of CcrM co-immunoprecipitated with LonS674A in the absence of DNA under
294  thephysiological concentrations of CcrM (1 uM) (Figure 5E). When we performed

295 similar assays using elevated concentrations of the CcrM substrate (4 uM), CcrM co-
296  immunoprecipitated with LonS674A, independent of the presence of DNA (Figure 5E).
297  These results support our suggestion that DNA-dependent CcrM recognition by Lon

298  occurs under physiological concentrations of CcrM. We determined that the intracellular
299  concentration of CcrM isapproximately 1 uM (Figure S3D). Thein vitro degradation of
300 CcrM by Lon isdependent on DNA when CcrM is present at 0.4 uM, but not at 4 pM
301 CcrM, which is4 times higher than the physiological concentration. Taken together, we
302 propose a model where the robust degradation of CcrM requires both CcrM and Lon to
303 interact while bound to DNA during the processive movement of CcrM (Figure 5F). The
304  binding of the Lon protease to DNA does not allosterically stimulate substrate

305 degradation. Instead, DNA plays an adaptor role in facilitating Lon recognition of CcrM

306 under physiological conditions.

307 Dynamic sequestration of CcrM at the new pole discriminates Caulobacter swar mer

308 and stalked cell cycles

309 Todetermineif CcrM is protected from interaction with its substrate DNA prior to its

310 complete digestion by Lon, weimaged cellsin which CcrM was tagged with YFP. We
311  constructed a strain expressing a sole chromosomal copy of ccrM, yfp-ccrM, under the
312  control of its native promotor. Y FP-CcrM fully complemented a 4ccrM strain. Strikingly,
313  fluorescence microscopy revealed that Y FP-CcrM formed afocus at the pole opposite the
314 SpmX stalked pole marker (Jiang et al., 2014; Perez et al., 2017), demonstrating that

11
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315 YFP-CcrM accumulated at the new cell pole of the progeny stalked cell generated by cell
316 divison (Figure 6A). Among 444 anayzed cellsin a mixed population, we observed that
317  29.50% of cells (n = 131) had a unipolar focus, while 40.99% of cells (n = 182) showed
318  no detectable florescent signal. We also observed diffuse signal in 18.92% of examined
319 cdls(n = 84), suggesting that polar localization of CcrM isdynamic (Figure 6A). In these
320 experiments, the cell population had two different types of stalked cells; those that result
321 from the swarmer-to-stalked cell transition (that do not contain CcrM, Figure 2A) and

322  thosethat result from cell division, accounting for the large population of cells with no

323  fluorescent signal.

324  Toexamine the subcdlular distribution of CcrM during the cell cycle originating from

325 thestalked cell arising from a cell division (Figure 6E), we used time-lapse microscopy

326 totrack cells (n > 100) that had a'Y FP-CcrM florescent focus at the new pole. A Y FP-

327  CcrM focus was consistently detected at the new pole of the progeny stalked cell and

328 faded away during thetransition to a pre-divisonal cell (Figure 6B). Upon cell division,

329 the YFP-CcrM focus appeared again at the incipient new pole of the stalked progeny cell,

330 while no detectable signal was observed in the swarmer progeny (Figure 6B). To obtain

331 theprecisetime of CcrM’spolar presence according to cell cycle milestone events, we

332  carried out time-lapse microscopy of cells co-expressing Y FP-CcrM and ParB-mCherry

333  or TipN-GFP. ParB isa DNA-partitioning protein that binds to the centromeric parS

334  locus near the chromosomal origin of replication. Localization of ParB reflects the

335 movement of the ParB-bound centromere from the old pole to the new pole immediately

336 upontheinitiation of DNA replication (Ptacin et a., 2010). We observed the co-

337  appearance of the YFP-CcrM focus and the ParB-par S complex at the new pole of the

338  progeny stalked cdll, suggesting that the sequestration of CcrM and initiation of

339 chromosome replication begins at the same time (Figure 6C). In addition, TipN isanew

340 cel pole marker that orients the polarity axis and its medial relocation reflects Z-ring

341 formation at the division plane (Huitema et al., 2006; Lam et al., 2006). Y FP-CcrM co-

342 localized with TipN-GFP at the new pole of stalked cells (Figure 6D). During the

343 trangition from the stalked cell to the pre-divisional cell, when TipN-GFP |eft the new

344  poleand started relocating to mid cell, YFP-CcrM was released from the pole together

345  with TipN-GFP, demonstrating that CcrM polar sequestration ends prior to the formation
12
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346  of thedivision plane (Figure 6D). We did not observe an interaction between CcrM and
347 TipN in abacterial two-hybrid assay, implying that releasing of CcrM from the cell pole
348  might beindependent of the release of TipN (Figure S5A). We propose that any CcrM
349  not cleared from the cell by proteolysisin the short time between cell division and the
350 initiation of replication in the progeny stalked cell isinactivated by sequestration, thereby
351  enabling the activation of gene transcription that requires hemi-methylated promotors.
352  CcrM isdynamically sequestered to the new pole of only the stalked cell progeny. Thus,
353 thedistinct CcrM localization pattern between the two progeny cells thus discriminates
354  Caulobacter swarmer and stalked cell cycles (Figure 6E).

355 Polar sequestration stabilizes CcrM by preventing physical contact with Lon on
356 DNA

357  Given that dynamic sequestration of CcrM at the new pole of the stalked cell occurs

358  during the stalked cell cycle, and robust clearance of CcrM requires DNA as an adaptor,
359 itistempting to speculate that there are distinct patterns of CcrM proteolysis during the
360 swarmer and stalked cell cycles (Figure 6E). Accordingly, we isolated progeny swarmer
361 and stalked cells generated after the division of pre-divisional cells obtained from a

362  synchronized cell population. Each progeny cell was then allowed to proceed through the
363 cell cycle until 160 mps (Figure 7A 11). CcrM in the progeny swarmer cell was degraded
364  within 20 min (Notethat in Figure 7A |, the swarmer cell population obtained from the
365 original synchrony of a mixed population of cells contains swarmer cells primarily from
366  20-30 min of their development, by which time CcrM is completely degraded). CcrM

367  was not completely cleared from the progeny stalked cell (Figure 7A 1) although it was
368 completely cleared from the stalked cell that resulted from the swarmer to stalked cell

369 trangtion (Figure 7A 1). Asthe progeny stalked cell progressed to the pre-divisional cell,
370  we observed an increased abundance of CcrM commensurate with the increased synthesis
371 of CcrM. (Figure 7A 11). In vivo stability assays revealed that CcrM was quite stable

372 athough Lon was present (Figure S6A). We also observed a greater stability of CcrM in
373  mixed swarmer and stalked progeny cells (collected at 160 mps) than in pre-divisional
374  cells(collected at 120 mps) after 10 min shutoff of protein synthesis (Figure S6B). In

375 Jlon céls, CcrM protein levels were stable throughout the experiment (Figure S6B).
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376  The stable presence of CcrM in stalked cells derived from pre-divisonal cells (Figure 7A
377 1) suggests that CcrM may be specifically protected from Lon proteolysis by

378  sequestration away from its DNA target during the stalked cell phase. To determine how
379  CcrM degradation rate changes as a function of cell cycle, we created CcrM merodiploid
380 strains by inserting yfp-ccrM under the control of the inducible xylose promoter as a

381  single copy on the chromosome in wild-type or Alon backgrounds. In this genetic

382  background, which equally produces CcrM at all cell cycle phases rather than only during
383 pre-divisonal cells, changesin protein abundance reflect changes in degradation rate. We
384  performed immunoblotsto monitor the presence of Y FP-CcrM throughout the swarmer
385 cdl cycle. Interestingly, we found that in merodiploid cells containing Lon, the Y FP-

386 CcrM levelswere low in swarmer cells, increased to the highest amount at ~ 80 mps, and
387  decreased again during later stages of the cell cycle (Figure 7B). In contrast, the Y FP-

388 CcrM levels were constant during cell cycle progression in the Alon background. Thus,
389 CcrM isprotected from Lon degradation between 60 mps and 80 mps of the swarmer cell
390 cycle, which isconsstent with the timing of CcrM sequestration during the stalked cell
391 cycle

392  To confirm differential CcrM turnover when CcrM is constitutively present during the
393  cdl cycle, we measured YFP-CcrM stabilitiesin merodiploid cells in the presence and
394  absence of Lon. Trandlation shutoff assays by antibiotic addition were carried out using
395  samples collected at O mps, 60 mps, and 120 mps during the swarmer cell cycle. We

396 observed arobust degradation of YFP-CcrM protein in samples taken at 0 and 120 mps
397  with measured half-lives of ~7 minin the presence of Lon (Figure 7C). For cells grown
398 inthe presence of Lon that were collected at 60 mps, however, YFP-CcrM degradation
399  was not observed (Figure 7C). As a control, degradation was not observed in the absence

400 of Lon at al time points.

401  Inconclusion, CcrM is proteolyzed in swarmer cells, and thereis no CcrM present in

402  thesecellsuntil it is resynthesized during the pre-divisional stage. Though Lon is active
403  during all phases of the cell cycle (Figure 3A), stalked cells can specifically sequester any
404  CcrM that is present at the new cell pole, protecting it from interaction with DNA and the
405  proteolysis by DNA-bound Lon during this phase (Figure 6B, Figure 7C). Thus, the
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406  CcrM inherited by stalked progeny from a pre-divisional cell iskept in an inactive state
407  and consequently protected from proteolysis (Figure 7D). More broadly, this finding
408 indicates that stalked cells arising from pre-divisional cells fundamentally differ from
409  swarmer-derived stalked cellsin their protein content, thus representing two distinct

410 variantsof the cell cycle.

411  Discussion

412  Here we propose amodel of CcrM protein turnover determined by coordinated DNA-
413  facilitated protein degradation and CcrM sequestration during cell cycle progression.

414  Although Lon is present and active throughout the cell cycle, CcrM transcription and
415 trandation is confined to the pre-divisional cell (Schrader et al., 2016; Zhou et al., 2015).
416 At thistimeinthe cdl cycle, CcrM wins the race between synthesis and degradation and
417  CcrM proceeds to processively methylate GANTC sites on the chromosome (Kozdon et
418  al., 2013; Woodcock et a., 2017). When CcrM synthesis stops, Lon continues to clear
419  CcrM from the cell. We show that robust degradation of CcrM by Lon requires the

420  presence of DNA as an adaptor. Both CcrM and Lon have ~14-fold higher affinities for
421  DNA than for each other, contributing to the high efficiency of DNA methylation of

422  ~4500 GANTC sites by only ~600 CcrM molecules during a short time window of the
423  cdl cycle. Upon cdl division, CcrM protein turnover varies between two daughter cells,
424  giving riseto distinct swarmer and stalked cell cycles (Figure 7D). In the swarmer cell
425  cycle, remaining CcrM inherited from pre-divisional cell is completely degraded during
426 the swarmer-stalked cell transition (G1) viaDNA-facilitated proteolysis (Figure 7D).

427  Transcription and translation of CcrM are repressed in early S phase and re-activated in
428 late S phase. The abundance of CcrM reaches its lowest point in early S phase dueto
429  repressed transcription and translation. In the stalked cell cycle, remaining CcrM

430 inherited from the pre-divisional cells is sequestered to the new cell pole, concurrent with
431 theimmediate initiation of chromosome replication at the stalked cell progeny (Figure
432 7D). This sequestration of CcrM prevents DNA re-methylation during replication while
433  also preventing its degradation by eliminating physical contact with the DNA-bound

434  protease Lon. The sequestered CcrM is released from the pole at the time of new CcrM

435  synthesisinthe pre-divisional cell.
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436 DNA facilitated-proteolysis ver ses allosteric stimulation by other L on substrates or

437 unfolded proteins

438  Compared to the ClpXP protease that utilizes diverse adaptors for substrate delivery, Lon
439  protease appears to process its substrate by directly recognizing clusters of exposed

440  hydrophaobic residues within a given polypeptide with little sequence specificity (Gur and
441 Sauer, 2008). Thefirst Lon substrate-specific adaptor, SmiA (swarming motility inhibitor
442  A), wasrecently identified in Bacillus subtilis. Lon degrades the master flagellar activator
443  protein SwrA only in the presence of SmiA. SmiA-dependent proteolysisis abolished

444 upon surface contact causing SwrA protein levels to be stabilized and consequently

445  increase motility (Mukherjee et al., 2015). In Caulobacter, Lon has been shown to

446  degrade DnaA under proteotoxic stress leading to acell cycle arrest (Jonas et al., 2013).
447 Invitro experiments demonstrated that Lon alone cannot robustly degrade DnaA, but the
448  addition of an unfolded substrate can allosterically activate Lon (Jonas et al., 2013).

449  Similarly, heat shock protein Q (HspQ) was identified as a unique specificity-enhancing
450  factor of Lon (Puri and Karzai, 2017). The addition of HspQ allosterically activates Lon
451  and enhancesthe degradation of YmoA, a small histone-like protein whose efficient

452  removal isrequired for bacterial virulence (Puri and Karzai, 2017). Given that adaptor-
453  mediated proteolytic specificity for Lon protease is quite varied, Lon may employ

454  multiple distinct mechanismsto regulate substrate specificity and degradation.

455  DNA binding activity of Lon was discovered three decades ago (Charette et al., 1984).
456  Although several lines of evidence suggested that Lon binding to DNA can stimulate its
457  ATPase activity and substrate degradation, the roles of thisinteraction in regulating

458  substrate specificity and degradation remained to be elucidated. We showed here that the
459  robust degradation of CcrM requires the binding of substrate and protease to DNA

460 (Figure4 and 5). Notably, DNA mediated activation of Lon degradation of CcrM cannot
461  beascribed to stimulated ATPase activity upon binding to DNA. The presence of

462  substrate alone can induce the ATPase activity to alevel similar to that induced by the
463  co-presence of substrate and DNA (Figure 5C) and the presence of DNA does not

464  stimulate degradation of non-DNA binding substrates (Figure S4A). Our results

465 demonstrate that DNA serves as an adaptor for Lon-mediated CcrM proteolysis by
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466  facilitating substrate recognition rather than allosterically regulating Lon proteolytic

467  activity. Asasubstrate for CcrM, DNA moonlights as an adaptor aiding CcrM delivery to
468  the protease, which also prevents early degradation of CcrM prior to chromosomal

469  methylation. In mitochondria of eukaryotic cells, Lon mutations were shown to be

470  involved in multiple genetic diseases and cancer (Pinti et al., 2016). In prokaryotes, Lon
471 isknown to degrade multiple transcriptional regulators controlling the cell cycle, biofilm
472 formation, motility and stress tolerance, and virulence (Breidenstein et al., 2012; Matsui
473 et al., 2003; Rogers et al., 2016; Wright et a., 1996). Examples of Lon substratesin

474  Caulobacter include CcrM, SciP and DnaA (Gora et al., 2013; Jonas et al., 2013; Wright
475 et al., 1996), which all contribute to cell cycle regulation by their DNA binding activities.
476  Itistherefore conceivable that DNA-facilitated proteolysis may be a universal regulatory
477 mechanism for specific recognition and degradation of DNA binding substrates. A

478  corollary to this model isthat Lon could temporally degrade a given substrate based on
479  itsown DNA-binding characteristics, so that a degradation hierarchy can be

480 accommodated by a single factor and be achieved on a single platform. However, DNA-
481  binding substrates other than CcrM, which lack processive movement along the DNA,

482  may beregulated in adifferent mode or require involvement of other accessory factors.
483 CcrM sequestration to the new cell pole

484  Bacterial cells employ multiple mechanismsto drive protein localization to the cell poles
485  (Laloux et a., 2014; Rudner and Losick, 2010). We observed that the CcrM DNA

486  methyltransferaseis dynamically sequestered to the new pole of the progeny stalked cell
487  (Figure 6). Caulobacter has been shown to recruit proteinsto the cell poles through

488 interaction with proteins or protein complexes that are already positioned at the pole.

489  For example, the polar PopZ protein forms a microdomain that anchors the chromosome
490  originviaitsinteraction with the chromosome partition complex ParB-par S (Bowman et
491  al., 2008; Ebersbach et al., 2008). In addition, the stalked pole-localized protein, SpmX,
492  serves as abridge to direct the interaction between the DivJ histidine kinase and PopZ
493  microdomain (Perez et a., 2017). Although the mechanism that localizes PopZ to the
494  poleisnot known, the PopZ microdomain captures multiple signaling proteins, thereby

495  integrating several cellular processes within this membranes-less organelle (Bergé and
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496  Viallier, 2017; Holmes et al., 2016; Lasker et al., 2017). However, CcrM polar foci were
497  observed in ApopZ strains, arguing that CcrM sequestration is PopZ-independent (Figure
498  S5B). Assays of CcrM polar localization in strains lacking new pole-located proteins,

499  including 4mopJ, 4podJ, and atruncated divL (divL428) showed that these proteins were
500 also not necessary for CcrM sequestration (Figure S5B). A bacterial two-hybrid assay
501  showed that CcrM does not interact with PleC, TipN, nor TipF (Figure S5A). Although
502  unlikely that these proteins play arole in polar sequestration of CcrM, it is possible that
503 CcrM can be captured by as yet unknown proteins so that the remaining CcrM molecules

504  arenot free to bind chromosomal DNA.

505  Mechanisms other than protein interaction may enable CcrM polar sequestration. Both
506 CcrM and TipN are released from the cell pole prior to the formation of division plane
507 (Figure6D). The signals that trigger the dissociation of CcrM from the new pole are

508  unknown. Narayanan and colleagues reported dynamic intracellular redox rhythms during
509 the Caulobacter cell cycle (Narayanan et al., 2015), which precisely correspond to the
510 dynamics of CcrM sequestration. The cytoplasm of the swarmer cell isin areduced state
511  during the G1 phase of the cell cycle. The reduced state then shiftsto an oxidized state
512  during the swarmer-to-stalk trangition and early S phase. In late S phase, the stalked

513  compartment of the pre-divisional cell remainsin an oxidized state, while the swarmer
514  compartment enters areduced state. Intracellular redox state controls protein function and
515 localization through formations of cysteine disulfide bond (Cremers and Jakob, 2013;

516 Mou et a., 2003). In Caulobacter, NStA, a negative switch for topoisomerase IV (topo
517  1V), inhibits decatenation activity of the topo IV by binding to the ParC DNA-binding
518  subunit of topo IV (Narayanan et al., 2015). The activation of NStA requires dimerization
519 by formation of intermolecular cysteine disulfide bonds under oxidizing conditionsin

520 early Sphase. Trx1 was recently reported to be specifically induced in early S phaseto
521  counteract oxidizing stress (Goemans et al., 2018). CcrM contains two conserved

522  cysteines (C13 and C329), of which the latter islocated in amotif that is critical for DNA
523  hinding activity. It is possible that the localization of CcrM could be regulated by redox

524  changes during the cell cycle.
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525  Asymmetric sequestration of CcrM finetunesthe access of CcrM to its DNA
526  substrate

527  Replication isinitiated on afully methylated chromosome in the progeny stalked cell and
528  inthe stalked cell that arises from the swarmer-to-stalked cell transition. We have

529  provided evidence that CcrM is processed differently in these two types of stalked cells.
530 The progeny swarmer cell, which cannot initiate DNA replication, has 1/3 of the cell

531 cycleto clear out CcrM before it differentiates into a stalked cell and its concurrent

532 initiation of replication. The progeny stalked cell, on the other hand, immediately initiates
533  replication and has very little time to clear out remaining CcrM. We have discovered that
534  Caulobacter has devised away to sequester CcrM so that it is not available to methylate
535  thenewly replicated strands of DNA in the progeny stalked cell, which would

53  compromise cell cycle progression.

537  To prevent any residual CcrM activity, we observed that CcrM is sequestered to the new
538 cell pole (Figure 6) where we hypothesize that it is prevented from accessing DNA. In
539  support of this, we observed that sequestered CcrM is not degraded by DNA-bound Lon.
540  Further, itislikely that CcrM does not bind chromosomal DNA at or near the origin of
541  replication when sequestered at the pole because the ParB-parS complex is dissociated
542  fromthe cell polesin ApopZ strain (Bowman et al., 2008; Ebersbach et al., 2008), while
543  CcrM remains at the pole in a PopZ deletion strain (Figure S5B). The sequestration of
544  CcrM would allow the newly synthesized chromosomal DNA to remain in the hemi-

545 methylated state, thereby maintaining temporal control of transcription of cel cycle-

546  regulated genes as the function of the passage of the replication fork. On the other hand,
547  polar sequestration of CcrM would also prevent physical interaction with the DNA-bound
548  Lon protease, thus stabilizing sequestered CcrM during S phase in the stalked cell cycle
549  (Figure 7B). We propose that in the pre-divisional cell of the stalked cell cycle,

550  sequestered CcrM isreleased from the pole, where it and newly synthesized CcrM binds
551  DNA for processive m6A catalysis. The different patterns of CcrM degradation and

552 sequestration during the swarmer and stalked cell cycles provide a fine-tuning

553  mechanism that ensures that the immediate chromosome replication in the progeny

554  stalked cell can proceed in the absence of re-methylation during DNA replication.

19


https://doi.org/10.1101/293738
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/293738; this version posted April 3, 2018. 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-NC-ND 4.0 International license.

555  Methods
556  Bacterial strains, plasmids and growth conditions

557  Bacterial strains and plasmids used in this study are listed in Table S1. Primers used for
558  thisstudy arelisted in Table S2. E. coli strainswere routinely grown in LB medium at 37
559  °C with appropriate antibiotics (100 pg ml™ ampicillin, 50 pg mi™ kanamycin).

560 Caulobacter strains were grown in PY E (rich medium) or M2G (minimal medium) at 37
561  °C, supplemented with 0.3% xylose when necessary. Antibiotics were supplemented as
562  needed for solid and liquid media, respectively, with the following concentration:

563  kanamycin (25 ug mli™or 5 pg mi™), spectinomycin (50 pg mi™ or 25 pg mi™),

564 oxytetracycline (2 ug mi™*or 1 pg mi™), gentamycin (10 pg mi™ or 5 pg mi™).

565  Strain construction

566  To construct XZC13 and XZC14, plasmids pNP138-M2-CcrM and pNP138-CcrM-M2
567  wereintroduced into NA1000 by electroporation, respectively. Clones that have

568 integrated the vector at the ccrM locus were selected on PY E plates containing

569  kanamycin. A second recombination step was performed to select for plasmid excision.
570 Colonies arising from the first integrants were grown in PYE plain for at least 6 hours.
571  Cellswere serious diluted for counter-selection on PY E containing 3% sucrose. Colonies
572  grown on PYE sucrose plates were replicated on PY E containing kanamycin for selection
573  of plasmid excision. Colonies that were able to grow on PY E sucrose, but not on PYE

574  kanamycin plates were grown in liquid PY E plain medium for PCR verification.

575  To characterize therole of CcrM C-terminusin proteolysis, XZC34, XZC35, and XZC36
576  were constructed by electroplating pXY FPN2-CcrM, pXY FPN2-CcrM65C, and

577 pXYFPN2-CcrMACG5 into NA1000, respectively. XZC154, XZC161, and XZC88 were
578  constructed by e ectroplating pXY FPN2-CcrM, pXY FPN2-CcrM65C, and pXY FPN2-
579 CcrMACG5 into LS2382, respectively.

580 Toidentify CcrM degradation tag, strains XZC105 and XZC160 were generated by

581  eectroporating pXY FPN2-CcrM30C into NA1000 or LS2382, respectively. Strains

582  XZC139, XZC138, XZC144, XZC143, XZC137, XZC106, XZC108, XZC109, XZC114
583  were constructed similarly to XZC105, except that plasmid pXY FPN2-CcrM 28C,
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584  pXYFPN2-CcrM26C, pXY FPN2-CcrM24C, pXY FPN2-CcrM23C, pXY FPN2-CcrM22C,
585 pXYFPN2-CcrM20C, pXY FPN2-CcrM15C, pXY FPN2-CcrM 10C, or pXY FPN2-

586  CcrM8C, respectively, was used for electroporation. Strains XZC159, XZC158, XZC162,
587 XZC163, XZC157, XZC164, XZC156, XZC155, XZC165 were constructed similarly to
588  XZC160, except that plasmid pXY FPN2-CcrM28C, pXY FPN2-CcrM26C, pXY FPN2-
589 CcrM24C, pXY FPN2-CcrM23C, pXY FPN2-CcrM 22C, pXY FPN2-CcrM20C,

500 pXYFPN2-CcrM15C, pXYFPN2-CcrM10C, or pXY FPN2-CcrM8C, respectively, was
501  used for electroporation.

592  To mutate the conserved amino acids at C-terminal of CcrM, strains XZC121, XZC129,
503 XZC135, XZC134, XZC131 were constructed by electroporating plasmid pXMCS2-
504  CcrMD304A, pXMCS2-CcrM S315A, pXMCS2-CcrMW332A, pXM CS2-CerM S350A
505  or pXMCS2-CcrM S347A into NA100O, respectively. The integration of the plasmid at
506 theccrM locus was further verified by PCR.

597  Toidentify Lon activity during cell cycle, strains XZC6 and XZC86 were generated by
508  eectroporating pXY FPN2-sul20C into NA1000 or LS2382, respectively. To investigate
599  the subcellular localization of Lon protease, strains XZC142 and XZC148 were generated
600 by electroporating plasmid pXY FPC2-Lon or pXY FPC2-LonQM into PC6340,

601  respectively. Strains XZC20 was generated by electroporating plasmid pCHY C2-Lon

602  into NA1000. XZC23 was constructed similarly to XZC13, except that the plasmid

603  pNP138-mCherry-Lon was used for electroporation.

604  Toidentify the dynamic localization of CcrM during cell cycle, XZC24 was constructed
605 similarly to XZC13, except that the plasmids pNP138-Y FP-CcrM was used for

606  eectroporation. Strains XZC75 and XZC112 were generated by electroporating plasmid
607 pPCHYC1-SpmX or pCHY C1-ParB into XZC24, respectively. XZC89 was constructed by
608 transducing tipN-gfp (gent’) from CIW1406 into XZC13.

609  To observe whether CcrM localization is dependent on polar localized proteins, strain
610 XZC49 was constructed by phage transducing from GB255 into XZC24. XZC50 was
611  constructed by el ectroporating pXY FPN2-CcrM into LS4461. Strains XZC68, XZC71,
612 XZC69, XZC70 were constructed by e ectroporating plasmid pM CS2-podJ, pM CS2-
613  mopJ, pPMCS2-perP or pMCS2-spmX into XZC24, respectively.
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614 Expression plasmids

615 To generate pET28b-CcrM, the ccrM ORF including stop codon was amplified using

616 KOD DNA Polymerase (EMD Millipore) and inserted into pET28b digested with Ndel
617  and EcoRlI via Gibson assembly (NEB). Plasmid pET28b-Lon was generated similarly to
618 pET28b-CcrM, except PCR amplification of the lon ORF. Plasmids pET28b-CcrM ACE5,
619 pET28b-CcrM S315A, pET28b-LonS674A, and pET28b-LonQM were generated by

620 mutagenesisusing Q5 Site-Directed M utagenesis Kit (NEB).

621  Integrating plasmids

622  Theintegration vector pNP138-M2-CcrM was constructed by amplifying an upstream
623  and downstream homology region of ccrM using primer pairs M2ccrmLB-F/M2ccrmLB-
624 R and M2ccrmRB-F/M2ccrmRB-R, respectively. The two fragments were inserted into
625  Spel-EcoRlI digested vector pNPTS138 via Gibson assembly to yield pNP138-M2-CcrM.
626  pNP138-CcrM-M2 was constructed similarly to pNP138-M2-CcrM, except that primer
627  pairs ccrmM2LB-F/ccrmM2LB-R and ccrmM 2RB-F/ccrmM2RB-R were used for PCR
628  amplification. pNP138-Y FP-CcrM and pNP138-mCherry-Lon were generated using a
629  Similar strategy.

630 To construct pXYFPN2-CcrM, the ccrM ORF was amplified and inserted into Kpnl-

631  EcoRI digested pXY FPN2 via Gibson assembly. pXY FPN2-CcrM AC65 was constructed
632  similarly to pXYFPN2-CcrM, except amplification of ccrM ORF lacking C-terminal 65
633 amino acids. The other pXYFPN2-CcrM derivative plasmids were generated by Q5

634 mutagenesisusing pXY FPN2-CcrM as the backbone. Primers used for mutagenesis are
635 listed in Table S2.

636  To construct pXY FPN2-sul20C, primer pair sul20C-F/sul20C-R was used to amplify
637  pXYFPN2 backbone and the sul20C degradation tag was inserted by Q5 mutagenesis.

638  To construct pXY FPC2-Lon, the lon ORF lacking stop codon was amplified and inserted
639  into Ndel-Kpnl digested pXY FPC2 via Gibson assembly. pXY FPC2-LonQM was

640 generated by Q5 mutagenesis based on pXY FPC2-Lon using primer pairs Lon(4m)MU-
641  F/Lon(4m)MU-R. To congtruct pCHY C2-Lon, the fragment encoding Lon 407-799
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642  amino acids was amplified and inserted into Ndel-Kpnl digested pCHY C2 via Gibson

643  assembly.

644  To construct pCHY C1-SpmX, the fragment encoding SpmX 207-431 amino acids was
645 amplified and inserted into Ndel-Kpnl digested pCHY C1 via Gibson assembly.

646  To construct pCHY C1-ParB, the fragment encoding ParB 104-304 amino acids was
647  amplified and inserted into Ndel-Kpnl digested pCHY C1 via Gibson assembly.

648  To construct pXMCS2-CcrM, the ccrM ORF was amplified and inserted into Ndel-Kpnl
649  digested pXMCS2 via Gibson assembly. The resultant plasmid was used to generate
650 pXMCS2-CcrMD304A, pXMCS2-CcrM S315A, pXMCS2-CcrMW332A, pXMCS2-
651 CcrMR350A, and pXMCS2-CcrMD347A by Q5 mutagenesis.

652  To construct pKNT25-CcrM and pKT25-CcrM, the ccrM ORF was amplified and

653  inserted into Hindll1-BamHI digested pK NT25 or BamHI-EcoRI digested pKT25 via

654  Gibson assembly, respectively. To construct pUT18-PleC, the fragment encoding PleC 7-
655 842 amino acids was amplified and inserted into Hindll1-BamHI digested pUT18 via

656  Gibson assembly. To construct pUT18-PleC, the fragment encoding PleC 7-842 amino
657  acids was amplified and inserted into Hindll1-BamHI digested pUT18 via Gibson

658  assembly. To construct pUT18-DivL, the fragment encoding DivL 2-768 amino acids
659  wasamplified and inserted into Hindll1-BamH| digested pUT18 via Gibson assembly. To
660  construct pUT18C-PodJ, the podJ ORF was amplified and inserted into BamHI-EcoRl
661  digested pUT18C via Gibson assembly. To construct pUT18-TipN, the fragment

662  encoding TipN 2-882 amino acids was amplified and inserted into HindllI-BamHI

663  digested pUT18 via Gibson assembly. To construct pUT18-TipF, the fragment encoding
664  TipF 2-452 amino acids was amplified and inserted into Hindl11-BamHI digested pUT18

665  via Gibson assembly.

666  To construct pMCS2-mopJ, the fragment encoding MopJ 6-144 amino acids was

667 amplified and inserted into Ndel-Nhel digested pMCS2 via Gibson assembly. To

668  construct pMCS2-spmX, the fragment encoding SpmX 12-290 amino acids was

669  amplified and inserted into Ndel-Nhel digested pMCS2 via Gibson assembly. To

670  construct pMCS2-podJ, the fragment encoding PodJ 28-423 amino acids was amplified
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671  andinserted into Ndel-Nhel digested pMCS2 via Gibson assembly. To construct pMCS2-
672  perP, the fragment encoding PerP 23-155 amino acids was amplified and inserted into
673  Ndel-Nhel digested pMCS2 via Gibson assembly.

674  Caulobacter synchronization

675  The synchronization experiment was performed as previously described (Schrader and
676  Shapiro, 2015). The synchronized swarmer cells were released into M2G medium

677  supplied with certain antibiotics as needed. Samples were taken every 20 min for further
678 analysisasindicated in the figure. For the double-synchronization experiment, the

679  swarmer cellsraised from the first synchronization were released and grown into M2G
680 medium at 30 °C. Cells were collected at 160 minutes past synchrony (mps) and

681  subjected to the second synchronization. The swarmer and stalked fractions were

682  collected, released into M2G, and monitored for cell cycle progression every 20 min.
683  Protein purification

684  Caulobacter Lon and its variants were purified using a combination of Ni-NTA affinity
685  and size exclusion chromatography steps. ER2566 (NEB) harboring pET28b-Lon

686  plasmid was grown in LB containing 50 pg/ml kanamycin and 3% ethanol, and protein
687  expression was induced overnight at 16 °C with 1 mM IPTG at ODg of 0.5. Cells were
688  harvested and resuspended in purification buffer (50 mM HEPES pH 7.5, 100 mM NaCl,
689 100 mM KCI, 25mM imidazole, 10% Glyceral). After sonication, buffer-equilibrated Ni-
690 NTA beads were added to cleared cell lysate, incubated at 4 °C for 1 hour, and washed
691  extensively with purification buffer. The target protein was eluted with purification buffer
692  containing 325 mM imidazole. The protein sample was buffer exchanged to column

693  buffer (50 mM HEPES pH 7.5, 100 mM NaCl, 100 mM KCI, 2 mM B-ME), loaded on a
694  Sephacryl S-200 column. Fractions containing Lon were pooled, concentrated, dialyzed
695 against protein storage buffer (50 mM HEPES pH 7.5, 100 mM NaCl, 100 mM KCI, 10%
696  Glyceral), and stored at -80 °C. CcrM and its variants were purified similarly to Lon. The
697  removal of 6xHistag was performed using Thrombin CleanCleave Kit (Sigma) and

698  verified viaimmunaoblot using anti-His antibody.
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699 Proteininvivo and in vitro degradation assays

700  For protein in vivo degradation assay, cells were grown under the desired conditions.
701 Protein synthesis was blocked by addition of 200 pg/ml chloramphenicol and 1 mg/ml
702 spectinomycin. Samples were taken at the time-points indicated in the figure and snap-

703  frozeninliquid nitrogen before immunaoblot analysis.

704  Invitro degradation assays were performed in Lon degradation buffer (100 mM KCI, 10
705 mM MgCl,, 1 mM DTT, and 25 mM Tris-HCI [pH 8.0]) at 30 °C with an ATP-

706  regeneration system (10JU/ml rabbit muscle pyruvate kinase[or 75 pug/ml creatine

707 kinase], 20 ImM phosphoenol pyruvate [or 20 mM creatine phosphate], 4 mM ATP). The
708  concentrations of Long, LonS674A6, LoNQMs, CcrM, CerMACE5, CerM S315A, or B-

709 caseinwere 0.2 uM, 0.2 uM, 0.2 uM, 1 uM, 1 uM, 1 uM, and 1 uM respectively.

710  Samples were taken every 30 min, quenched with SDS loading buffer, heated at 95 °C,
711 and snap-frozen in liquid nitrogen. Samples were pre-warmed at 65 °C prior to separation
712 by SDS-PAGE. The gels were stained by Coomassie blue G-250. Protein degradation

713 rates were calculated based on quantification of protein band intensity using ImageJ.

714  CcrM remaining levels over reaction time were fit to a single exponential model equation
Y=A,xe X+ B

715 whereY isCcrM protein remaining, X isreaction time (min.), Ag istheinitial amount of
716  substrate (normalized to 1), k is degradation rate, and B isthe fitting background. The

717 fitting parameters over DNA concentrations were listed as follows:

DNA concentration (nM) | k (min™ Lons™)
0 0.0053 + 0.0008

0.625 0.0054 + 0.0008

1.25 0.0079 + 0.0009

25 0.0138 + 0.0012

5 0.0149 + 0.0014

10 0.0197 + 0.0027

20 0.0270 + 0.0015

40 0.0227 £ 0.0025
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718  InFigure 5B, CcrM degradation rates over DNA concentrations were fit to an agonist-
719  stimulated dose-response modd:

(Vmax - Vmin) X [DNA]
Kactivation + [DNA]

CcrM degradation rate = V,,;, +

720 with fitted parameters: Vinin = 0.0039 + 0.0016, Virex = 0.0289 + 0.0022 min™ Long *,
721 Kagtivation = 4.391 + 1.609 nM for DNA stimulation.

722 Immunoblotting

723 Harvested cells were suspended in SDS loading buffer and heated for 10 min at 95 °C.

724 Equal amounts of total protein were separate on 4-15% gradient polyacrylamide gel

725  (Bio-Rad), semi-try transferred to PV DF membrane, and probed with appropriate

726 dilutions of primary antibody against targeted protein indicated in the figure, and a 1:

727 10,000 dilution of secondary HRP-conjugated antibody. Washed membrane was

728  developed using Super Signal West Pico Chemiluminescent Substrate (Thermo Scientific)
729  and exposed to an X-ray film for visualization. The film was scanned, and the band

730 intensity was quantified using ImageJ software.
731  Quantitativereversetranscription PCR

732 Cédlsgrown under the desired conditions were harvested, treated with two volumes of
733 RNAprotect Bacteria Reagent (Qiagen), and snap-frozen in liquid nitrogen. The total
734 RNA was extracted using the Qiagen RNeasy Mini Kit. Contaminated genomic DNA
735  was removed through on-column digestion with a DNase using the Qiagen RNase-

736 free DNase Kit. The RNA concentration was determined using a NanoDrop 2000

737 spectrophotometer (Thermo Scientific). Reverse transcription and cDNA synthesis were
738 performed using Quanti Tect Reverse Transcription Kit. Quantitative PCRs were

739  performed using Luna Universal gPCR Master Mix (NEB) on an Applied Biosystems
740 7500 Fast Real-Time PCR system. The rho gene was used as an endogenous control. The
741 reativefold changein target gene expression was calculated using a 24" method

742 (Schmittgen and Livak, 2008).
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743 Microscopy

744 C. crescentus strains grown to exponential phase (ODgyo < 0.3) and spotted on agarose
745  pads (1.5%) containing M2G prior to imaging. Phase-contrast and fluorescence

746 microscopy images were obtained using a Leica DMi8 microscope with an HC PL APO
747 100x/1.40 oil PH3 objective, Hamamatsu e ectron-multiplying charge-coupled device
748  (EMCCD) C9100 camera, and Leica Application Suit X software. For al image pandls,
749  thebrightness and contrast of the images were balanced with ImageJ (NIH) to represent
750  foci or diffuse fluorescent signal. For computational image analyses, Microbe] (Ducret et
751 al., 2016) was used to determine cell outlines and lengths from phase images. Oufti was
752 used to determine normalized fluorescence intensities from each single cell. The data was
753  plotted and gatistically analyzed using Prism 7 (GraphPad).

754  Measurement of fluorescenceintendty in living cells

755  Cells grown under the desired condition were diluted to ODggo Of 1. A 300 ul aiquot of
756 cell suspension was added to the each well of a 96-well plate. The absolute fluorescence
757  intensity was measured using Tecan Infinite M 1000 plate reader at the High-Throughput
758  Bioscience Center (HTBC), Stanford.

759  Invitro DNA methylation and AT Pase assays

760  Probe 1 was amplified from NA1000 genome using primer pair probel-F/probel-R.

761  Probe 2 was generated by double-joint PCR, using Probe 1 as atemplate. Two resultant
762  fragments amplified by primer pairs probel-F/probel-RMu and probel-FMu/probel-R
763  were jointed using the second-round of PCR with primer pair probel-F/probel-R. Probe
764 3 was amplified from NA1000 genome using primer pair probe3-F2/probe3-R2. To

765  prepare fully methylated DNA probe, 20 nM Probe 1 was incubated with 420 nM CcrM
766  and 80 UM S-adenosyl-methionine (SAM) at 30 °C for 1 hour in DNA methylation buffer
767 (50 mM Tris-HCI [pH 7.5], 5 mM B-ME, 10 mM EDTA). The resultant DNA probe was
768  precipitated with 100% ethanol, washed twice with 70% ethanol, dried in speed-vac, and
769  re-dissolved in distilled-water. To prepare hemi-methylated Probe 1, an equal amount of
770 fully methylated and unmethylated Probe 1 was mixed in a PCR tube. The denature and

771 annealing were performed on athermocycler with 3 min at 95 °C following 3 min at 70
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772 °Cfor 5 cycles. The resultant DNA probe was precipitated with 100% ethanol, dried in
773 speed-vac, and re-dissolved in distilled-water. The methylation state of probe was

774 assayed by restriction digestion using Hinfl or Hphl. Lon ATPase activity was assayed
775  using ATPase/GTPase Activity Assay Kit (Sigma).

776  Bacterial-two hybrid

777 The bacterial adenylate cyclase two-hybrid system was used to test protein interactions
778  (Karimovaet al., 1998). Briefly, genes of interest were fused to the N- or C-terminal of
779  T18 or T25 fragmentsin the pUT18C pUT18C, pKT25, or pK NT25 vectors. The

780  resultant plasmids were co-introduced into BTH101 strain. The transformants were re-
781  streaked on MacConkey agar (40 g/L) plates supplemented with maltose (1%), IPTG (1
782  mM), and appropriate antibiotics. Plates were incubated at 30°C for 3 days before

783 photography.

784  Microscale thermophoresis (M ST)

785  Fluorescent labeling of lysine residuesin LonS674A was accomplished by incubating
786  each protein with an N-hydroxysuccinimide (NHS) ester conjugated to Atto-488 (Sigma-
787  Aldrich). The dye-conjugate was dissolved in dry DM SO to make a1 mM solution. The
788  conjugation reaction was performed in the dark using 1-2 mg/mL protein and a 3-fold
789  molar ratio of dye to protein at room temperature, with gentle shaking. Unconjugated
790 dyewas removed through dialysis against the protein storage buffer. Direct binding

791 between fluorescently labeled LonS674A and CcrM or Probe 1 was probed via

792  microscale thermophoresis (NanoTemper Technologies) (Wienken et al., 2010). For each
793 binding experiment, atwofold serial dilution was made for CcrM or Probe 1 in protein
794  storage buffer with 0.025% Tween-20 and 10 mM MgCl,. Fluorescently labeled

795  LonS674A was then added at 25 nM, mixed, and incubated at room temperature for 10
796  minutes, covered, in the dark. The protein mixtures were loaded into Standard Treated
797  capillaries (NanoTemper). Binding was assessed using the following instrument settings:
798  70% blue LED power, 40% IR-laser power, 30 second IR heating period, 5 second

799  recovery.
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800 Binding datawereinitially fit in MO.Affinity Analysis (NanoTemper), and the binding
801  curve plateau data were exported. Experimental replicates were averaged in Prism 7

802  (GraphPad) and according to the law of mass action, as described:

803

BL _ ([Lo] +[Bo] + Ka) = y/(([Lo] + [Bo] + Ka)® — 4 * [Lo] * [Bo])
B, 2[B]

804

805 Inthisequation, BL represents the concentration of protein complexes, [Bo] represents
806 total binding sites of the fluorescent ligand, [Lo] represents the amount of added ligand,

807  and Ky represents the dissociation constant.
808  Electrophoretic mobility shift assay (EM SA)

809  DNATLbinding capacity of CcrM was evaluated by incubation of purified CcrM with 20
810 nM of DNA probe indicated in the figure in the presence of 200 uM sinefungin in EMSA
811  buffer (50 mM HEPES pH 7.0, 200 mM NaCl, 1 mM EDTA, 1 mM DTT) for 30 min at
812  room temperature and subjected to electrophoresisin a4-15% Mini-PROTEAN®

813 TGX™ Precast Protein Gels (Bio-Rad) at constant 80 V for 3 hours at 4°C in 1x Tris

814  glycine native gel buffer (25 mM Tris base, 192 mM glycine). Lon DNA binding

815  capacity was assayed similarly to CcrM, except that 10 mM MgCl, was added instead of
816 200 uM sinefungin. Protein concentrations were O UM, 2 uM, 4 uM, 6 uM, 8 uM, 10 uM,
817 12 uM for CcrM and 0 nM, 50 nM, 100 nM, 150 nM, 200 nM, 250 nM for Lon,

818  respectively. The protein-DNA complexes were stained with ethidium bromide and

819 imaged with a Bio-Rad ChemiDoc XRS+ system.

820 Invitro Ni-NTA pull-down assay

821  Purified LonS674A¢ (0.2 uM) was incubated with 20 nM Probe 1 and 200 pl buffer-

822  equilibrated Ni-NTA beads at room temperature for 30 min in PD buffer (protein storage

823  huffer containing 10 mM MgCl,). One unit of DNase | was added when necessary to

824  cleavage Probe 1. The beads were washed once with 1 ml PD buffer and resuspended in

825  another 200 pl PD buffer containing alow amount of CcrM (0.4 uM) or high amount of

826 CcrM (4 uM). A 20 ul aliquot of reaction (input) was taken, suspended in SDS loading
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827  buffer, boiled for 10 min followed by incubation at 65 °C for 5 min, and subjected to

828  analyses by SDS-PAGE and 1% agarose gel. The content of remaining reaction was

829  incubated at room temperature for 1 hour, washed with PD buffer extensively, and eluted
830  with 100 ul PD buffer containing 325 mM imidazole. The eluted protein samples were
831 analyzed by SDS-PAGE for detection of the presences of LonS674As-CcrM-DNA

832  nucleoprotein complex viasilver staining.
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1012  Figurelegends

1013  Figure 1. CcrM-mediated DNA methylation regulates the cell cycle control circuit
1014 by linking the progression of the cell cycle to chromosome replication.

1015  (A) Schematic of the Caulobacter cell cycle. Stages of the Caulobacter cell cycle are
1016  shown in 30 min intervals, beginning with the swarmer progeny (SWP) at 0 min.

1017  Swarmer cells (G1 phase) develop into stalked cells (ST) and enter an S phase. As stalked
1018  cells elongate and become pre-divisional cells (PD), CcrM (green) is synthesized. The
1019  pre-divisonal cells begin compartmentalization (G2 phase), yielding two

1020  morphologically distinct daughter swarmer (SWP) and stalked (STP) cells. The temporal
1021  distribution of global regulators, DnaA (blue), GerA (yellow), and CtrA (red), are shown.

36


https://doi.org/10.1101/293738
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/293738; this version posted April 3, 2018. 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

1022
1023
1024
1025

1026
1027

1028
1029

1030
1031
1032

1033
1034
1035

1036
1037
1038
1039
1040
1041

1042
1043
1044
1045
1046
1047

1048
1049
1050

aCC-BY-NC-ND 4.0 International license.

(B) Schematic showing the changes in the methylation state of GANTC motifs on the
chromosome as a function of chromosome replication and cell cycle progression. The
locus of dnaA (blue), gcrA (yellow), ctrA (red), and ccrM (green) and their corresponding
methylation states are indicated.

(C) CcrM plays a central rolein the regulation of acyclical genetic circuit driving
Caulobacter cell cycle. The asterisk indicates fully methylated GANTC site.

Figure 2. The C-terminusof CcrM isnecessary for recognition by Lon and for DNA

methyltransferase activity.

(A) Célls containing asingle copy of M2-CcrM or CcrM-M2 under the control of native
promotor were grown in M2G, synchronized, and released onto fresh M2G. Samples

were taken every 20 min for immunoblots with anti-CcrM antibody.

(B) Schematic representation of CcrM domain structure and Y FP chimeric constructs
used in this study. Dash line indicates a deletion of amino acids. The numbers refer to

amino acid positions.

(C) In vivo degradation assays showing the effect of C-terminal 65 residues on CcrM
protein stability. Stabilities of YFP chimeric proteinsin Alon (- lon) cells are shown for
comparison. Cells were grown in PY E with 0.3% xylose to exponential phase and treated
with antibiotics for protein synthesis shut-off assays. Protein levels were monitored by
immunoblot using anti-GFP antibody (top). Band intensities were quantified (bottom) and

error bars represent SDs (n = 3).

(D) Florescence of wild-type (+ lon) and Alon (- lon) harboring plasmids expressing
chimeric YFP proteins. A schematic shows a series of truncations in which 8, 10, 15, 20,
22,23, 24, 26, 28, and 30 amino acids are retained from CcrM C-terminal 65 amino acids
(top). The florescence normalized by optical density is shown (bottom). The means £
SDs (n = 3) are plotted. CK, cells expressing free YFP. EV, cells expressing Y FP-
CcrM65C.

(E) DNA methylation assay showing the effect of CcrM C-terminal domain on its DNA
methyltransferase activity. A schematic of Probe 1 designing strategy is shown (top). PCR
amplified Probe 1 was incubated with CcrM or CcrMACB5 in the presence of S-adenosyl
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methionine (SAM). DNA methylation states were assayed by Hinfl digestion (bottom).
Dam methylase from E. coli served as a negative control. P1 and P2 are primers for Probe

1 amplification.

Figure 3. Lon isa DNA-binding protein and its proteolytic activity is constitutively

active during Caulobacter cell cycle.

(A) In vivo degradation assays showing stabilities of YFP and Y FP-sul20C in wild-type.
Y FP-sul20C stability in Alon cellsis shown for comparison. Merodiploid cells expressing
free YFP or Y FP-sul20C were grown in PY E with 0.3% xylose to exponential phase and
treated with antibiotics for protein synthesis shut-off assays. Protein levels were
monitored by immunoblot using anti-GFP antibody (top). Band intensities were
guantified and indicated as percentage. The cellular florescent intensity normalized by

optical density is measured (bottom). The means £ SDs (n = 4) are plotted.

(B) In vivo degradation assays showing Y FP-sul20C stabilities in swarmer, stalked, and
pre-divisional cell. Cells expressing Y FP-sul20C controlled by Py, were grown in M2G
with 0.3% xylose, synchronized, and harvested at 0, 60, and 120 mps. Samples were
treated with antibiotics for protein synthesis shut-off assays. Protein levels were
monitored by immunaoblot using anti-GFP antibody (top). Band intensities were

quantified (bottom) and error bars represent SDs (n = 3).

(C) Fuorescence images showing Lon-Y FP colocalizing with DAPI-stained DNA in a
Caulobacter temperature-sensitive par E and ftsA mutant (PC6340) that produces DNA-
free regions. LonQM-Y FP lacking DNA binding activity is shown for comparison. Cells
were cultured at the restrictive temperature (37°C) for 10h in M2G medium with 0.3%
xylose prior to DAPI staining and imaging (top). Scale bar = 5 um. Fluorescence
intensity profiles of Lon-YFP or LonQM-Y FP and DAPI signals along the long axis of

the cell are shown (bottom). Red arrows indicate DNA-free regions.
Figure4. CcrM binds DNA probesin vitro with high affinity.

(A) Schematic view of DNA probe designs according to genome locus. Probe 2 is
designed based on Probe 1 with mutation of GATTC to AATAC. Probe 3 isdesigned
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1079  from the upstream sequence of pliA. P1-P2 and P3-P4 are primers to amplify Probe 1 or 2
1080  and Probe 3, respectively. CcrM methylation sites are shown.

1081  (B) EMSA showing binding of recombinant CcrM, CcrMACG5, or Lon to Probe 1, 2, and
1082 3, respectively. See Methods for experimental details.

1083  (C-D) Thedirect binding of purified LonS674A to CcrM or Probe 1 was assessed in

1084  vitro by microscale thermophoresis. LonS674A was fluorescently labeled with Atto-438
1085 dye, indicated by LonS674A*. The concentration of LonS674As* was held constant at
1086 20 nM while CcrM (C) or Probe 1 (D) was titrated in 2-fold serial dilutions against it.
1087  The purified proteins were allowed to incubate together at room temperature for 10 min
1088  prior to the binding assay. The data report the fraction of LonS674A¢* that is bound at
1089  each concentration of CcrM (C) or Probe 1 (D). See Methods for description of curvefits.

1090 (E) Cartoon depicting affinities measured in Figure 4C and 4D between CcrM, Lon, and
1001  DNA. CcrM and Lon have affinitiesto DNA ~14 folds more than that of CcrM-Lon

1092  direct interaction.
1093  Figure5. DNA servesasan adaptor for Lon-mediated CcrM proteolyss.

1094  (A) In vitro degradation assays showing the stimulatory effect of DNA on CcrM

1095  degradation by Lon. CcrM (1 pM) was incubated with Long (0.2 uM) in the absence or
1006  presence of DNA probes (10 nM). Degradation of CcrM AC65 was also assayed in the
1097  presence or absence of DNA probe asindicated. Theintensity of CcrM or CcrM AC65

1098  bandsfrom three independent experiments were quantified and plotted.

1099 (B) DNA-facilitated CcrM degradation by Lon. Degradation rates of CcrM (1 uM) by
1100  Lon (0.2 uM) are shown for increasing concentration of DNA probe. See Methods for

1101 description of curvefits.

1102  (C) ATPase activity of Lon in presence and absence of DNA and CcrM. See Methods for
1103  detailed description of ATPase assay.

1104 (D) In vitro degradation assays showing the degradation of CcrM S315A by Lon and the
1105 degradation of CcrM by LonQM. CcrM S315A or CerM (1 uM) was incubated with Lon
1106  or LonQMs (0.2 uM) in the absence of Probe 1 (10 nM). Pyruvate kinaseis part of the
1107 ATPregeneration system.
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1108  (E) DNA facilitates recognition of CcrM by LonS674A in alow concentration.

1109  Coomassie-stained SDS-PAGE gels showing co-immunoprecipitation of nucleoprotein
1110  complex. The concentration of LonS674As was maintained at 0.2 uM. A low

1111 concentration of CcrM (0.4 uM) requires the presence of DNA to be recognized by
1112 LonS674A (l€eft), whereas the recognition of a high concentration of CcrM (4 uM) does
1113 not depend on the presence of DNA (right). Asterisks indicate DNase | digestion before

1114  dution.

1115  (F) Cartoon depicting DNA-facilitated CcrM degradation by Lon. The left panel shows
1116  the presence of CcrM, Lon, and DNA fragmentsin a mixed reaction. A zoomed-in

1117  schematic view (right panel) shows the three steps of CcrM degradation by Lon on DNA:
1118 (1) preferentia binding of CcrM and Lon to DNA fragments due to their individual high
1119  affinity; (2) enhanced-intermolecular collision frequency driven by CcrM processivity; (3)
1120  substrate unfolding and proteolysis. DNA plays dual roles in modulating CcrM-mediated
1121  adenine methylation and CcrM degradation by Lon.

1122  Figure 6. CcrM isdynamically sequestered at the flagellated cell pole of the stalked
1123 cell during stalked cell cycle.

1124  (A) Cdls expressing single chromosomal copy of YFP-CcrM under the control of CcrM
1125  native promotor were grown in M2G to exponential phase and imaged by phase contrast
1126 and epifluorescence microscopy (upper left, Scale bar = 5 um). Cells co-expressing Y FP-
1127 CcrM and SpmX-mCherry under the control of their native promotors were grown in
1128  M2G to exponential phase and imaged by phase contrast and epifluorescence microscopy
1129  (lower left). A representative cell overlaid with phase, Y FP, and mCherry channelsis
1130  shown (Scale bar = 1 um). A florescent profile is shown by an alignment of 103 cells
1131 with their fluorescent channels of pole marker SpomX-mCherry and Y FP-CcrM. The

1132  table shows the distribution of CcrM localizations in examined 444 cells (right).

1133  (B) Time-lapse microscopy of cells producing chromosome-encoded Y FP-CcrM under
1134  thecontrol of its native promotor. Images of the cells were taken every 15 min. Scale bar
1135 =5pum.
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1136 (C) and (D) Time-lapse microscopy of cells co-expressing chromosome-encoded Y FP-
1137 CcrM and TipN-GFP (D) or ParB-mCheery (E) under the control of their native

1138 promotors. Images of the cells were taken every 10 min. Scale bar = 5 pum.

1139  (E) Cartoon depicting dynamic distribution of CcrM between swarmer and stalked cell
1140  cycle. CcrM protein abundance reaches the highest level in pre-divisional cell. Upon cell
1141 divison, Swarmer (SW) daughter cell is subjected to the developmental program while
1142  stalked (ST) daughter cell begins chromosomal replication and cell growth immediately,
1143  giving raiseto distinct swarmer and stalked cell cycle. In daughter swarmer cell, CcrM is
1144  degraded completely during swarmer to stalked cell transition. In daughter stalked cell,
1145  however, newly synthesized chromosomal DNA requires robust clearance of CcrM

1146  protein to maintain its hemi-methylated state, which cannot be achieved by proteolysisin
1147  ashort timewindow. CcrM starts sequestration at the new pole when chromosomal

1148  replication initiated. Sequestered CcrM releases from the pole prior to the formation of

1149  division plane, meanwhile TipN isre-localized to the membrane throughout the cell.
1150 Figure 7. CcrM isstabilized by polar sequestration.

1151 (A) Immunoblots of protein samples from synchronized wild-type cultures using anti-
1152 CcrM antibody. Swarmer cells collected from the first synchronization were released into
1153  M2G medium allowing for cell cycle progression, harvested at 160 mps, and subjected to
1154  the second-synchronization. The swarmer and stalked cell fractions collected from the
1155  second synchronization were released in M2G for swarmer and stalked cdll cycle

1156  analyses, respectively.

1157 (B) Immunaoblots of protein samples from synchronized cells expressing Y FP-CcrM
1158  under the control of P,y. Merodiploid strains expressing Y FP-CcrM in the background of
1159  wild-type (+ lon) or Alon (- lon) were grown in M2G with 0.3% xylose, synchronized
1160  and released into M2G with 0.3% xylose for cell cycle progression. Samples were taken
1161  every 20 min and protein levels were monitored by immunaoblot using anti-GFP antibody
1162  (top). Band intensities were quantified (middle) and error bars represent SDs (n = 3).
1163  YFP-CcrM mRNA levels from each sample were normalized by gRT-PCR (bottom). The
1164 means * SDs (n = 3) are plotted.
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1165  (C) Invivo degradation assays showing Y FP-CcrM stabilitiesin swarmer, stalked, and
1166  pre-divisona cell. YFP-CcrM stabilitiesin Alon (- lon) are shown for comparison.
1167  Merodiploid strains expressing Y FP-CcrM controlled by Py, were grown in M2G with
1168  0.3% xylose, synchronized, and harvested at 0, 60, and 120 mps. Samples were treated
1169  with antibiotics for protein synthesis shut-off assays. Protein levels were monitored by
1170  immunoblot using anti-GFP antibody (top). Band intensities were quantified (bottom)

1171 and error bars represent SDs (n = 3).

1172 (D) Cartoon depicting CcrM protein synthesis, stability and abundance between swarmer
1173  and stalked cell cycle. CcrM protein level reaches the highest point in pre-divisional cell.
1174  Meanwhile, CcrM starts proteolysis by Lon in a DNA-facilitated manner. Upon cell

1175  division, distinct CcrM protein turnover discriminates swarmer and stalked cell cycle. In
1176  swarmer cell cycle, remaining CcrM inherited from pre-divisional cell is completely
1177 degraded during swarmer-stalked cell transition (G1) via DNA-facilitated proteolysis.
1178  Thetranscription and translation of CcrM are repressed in early S phase and re-activated
1179  inlate Sphase. Although CcrM can be stabilized in early S phase, the protein abundance
1180 reachesits lowest point due to repressed transcription and trandlation. In stalked cell

1181  cycle, remaining CcrM inherited from pre-divisional cell is sequestered at the flagellated
1182  cdl pole, which allows the initiation of chromosome replication at the stalked pole. The
1183  sequestration stabilizes CcrM during S phase by preventing physical contact with

1184  protease Lon.

1185  Supplementary figurelegends

1186  Figure S1. Conserved C-terminal motifs determine CcrM DNA binding activity,
1187 related to Figure 2.

1188  (A) Sequence alignment of CcrM homologs from twelve divergent a-proteobacterial
1189  speciesreveals four conserved motifs at C-terminus. The conserved residues subjected to

1190  mutation from each motif are highlighted.

1191  (B) Phase contrast micrographs of ccrM depletion strains complemented with CcrM,
1192  CcrMD304A, CcrMS315A, CerMW332A, CerMD347A, CcrMR350A. Scaebar =5 um.
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1193  (C) Cdll length analyses of strainsin (A). Mean cell length (um) £ SEM: CcrM =3.10 £
1194  0.08 (n = 128); CcrMD304A = 2.71 + 0.05 (n = 120); CcrMS315A = 7.66 + 0.54 (n =
1195  112); CerMW332A = 9.57 + 0.59 (n = 120); CcrMD347A = 2.78 + 0.06 (n = 133);

1196  CcrMR350A =2.92 £ 0.07 (n = 152). **** indicates P < 0.0001 by one-way ANOVA.

1197 (D) Spot dilutions of strainsin (A). Cellsin exponential phase were diluted to an OD600
1198  of 0.03, serialy diluted and spotted onto the same PY E agar plate and incubated at 30 °C
1199  for 2 days before photography.

1200 (E) EMSA showing abolished DNA binding activity caused by mutation at S315A on
1201  CcrM. See Methods for experimental details.

1202  Figure S2. Verification of Lon DNA-binding and proteolytic activities, related to
1203  Figure3.

1204  (A) EMSA showing the effect of alanine substitutions at S674 and
1205  K301/K303/K305/K306 on Lon DNA binding activities. See Methods for experimental
1206  details.

1207  (B) Phase contrast and epifluorescence images showing cell morphology and Lon

1208  distribution. Wild-type cells expressing chromosomal Y FP-Lon or Lon-Y FP under the
1209  control of native promotor were grown in M2G to exponential phase and imaged. Scale
1210  bar =10 pm.

1211 Figure S3. Binding of CcrM to DNA isirrelevant to DNA methylation states, related
1212 toFigure4.

1213 (A) Schematic view of restriction sites on Probe 1 and rationale of restriction digest-

1214  based DNA methylation assay. Hinfl is only able to cut unmethylated GANTC site (blue).
1215  Hphl cuts GGTGA(N)s that overlapped with ahalf of GANTC site (brown). Adenine

1216  methylated GGTGAm(N)s is resistant to Hphl digestion.

1217 (B) Agarose gels showing the verification of DNA methylation states by restriction digest
1218 analyses with Hinfl and Hphl. Two DNA fragments are expected for Hinfl digestion

1219  (C) EMSA showing CcrM and Lon binding to unmethylated, hemi-methylated and fully-
1220  methylated Probe 1. See Methods for experimental details.

43


https://doi.org/10.1101/293738
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/293738; this version posted April 3, 2018. 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-NC-ND 4.0 International license.

1221 (D) Quantitative immunoblots of CcrM levelsin Caulobacter pre-divisiona cell.

1222 Immunaoblots were performed following SDS-PAGE of different concentrations of

1223 purified CcrM and a Caulobacter pre-divisional cell lysate collected at 120 mps. The
1224 intracelular concentration of CcrM was 1090 + 135 nM or ~ 600 £ 150 CcrM monomers

1225  per céll.

1226  Figure $4. DNA playsan adaptor rolein CcrM proteolysisby Lon, related to Figure
1227 5.

1228  (A) In vitro degradation assays showing the degradation of -casein by Lon in the

1229  presence and absence of DNA. B-casein (1 uM) was incubated with Long (0.2 uM) in the
1230  absence or presence of Probe 1 (10 nM). Creatine kinase is part of the ATP regeneration
1231 system.

1232 (B) In vitro degradation assays showing the degradation of f-casein by LonQM. p-casein
1233 (1 uM) was incubated with LonQMe (0.2 uM) in the absence or presence of ATP (4 mM).
1234  Creatine kinase is part of the ATP regeneration system.

1235  Figure S5. I dentification of theroles of known polar localized proteinsin CcrM
1236  sequestration, related to Figure 6.

1237 (A) Bacterial two-hybrid assays showing the negative interaction of CcrM to polar
1238  localized proteins (PleC, DivL, PodJ, TipN, and TipF). - / - and + / + indicate a negative
1239  and apositive control, respectively. Red colonies indicate a positive interaction. Cells

1240  were grown at 30 °C for 2 days before photography.

1241  (B) Overlaid phase contrast and epifluorescence images showing CcrM polar

1242  sequestration in cells depleting several known polar localized proteins and protease

1243 regulator PerP. CcrM polar sequestration does not depend on the presence of DivL, PopZ,
1244  PodJ, MopJ, and PerP. Deletion of SpmX serves as a negative control.

1245  Figure S6. In vivo stability of CcrM, related to Figure 7.

1246 (A) In vivo degradation assays showing CcrM stability in a mixed population. Stabilities
1247  of YFP chimeric proteinsin Alon (- lon) cells are shown for comparison. Cells were
1248  grown in PYE with 0.3% xylose to exponential phase and treated with antibiotics for

1249  protein synthesis shut-off assays. Protein levels were monitored by immunoblot using
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anti-GFP antibody (top). Band intensities were quantified (bottom) and error bars

represent SDs (n = 3).

(B) In vivo degradation assays showing CcrM stabilities at 120 mps and 160 mpsin wild-
type. CcrM stabilities in Alon cells are shown for comparison. Cells were harvested at
160 mps or 120 mps and treated with antibiotics to shut-off protein synthesis. Protein
levels were monitored by immunoblot using anti-CcrM antibody (top). Band intensities

were quantified (bottom) and error bars represent SDs (n = 3).
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Figure 2
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Figure 3
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Figure 4
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Figure 5
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Figure 6
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Figure 7
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