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            Abstract
Fundamental to all living organisms is the capacity to coordinate cell division and cell differentiation to generate appropriate numbers of specialized cells. Whereas eukaryotes use cyclins and cyclin-dependent kinases to balance division with cell fate decisions1, equivalent regulatory systems have not been described in bacteria. Moreover, the mechanisms used by bacteria to tune division in line with developmental programs are poorly understood. Here we show that Caulobacter crescentus, a bacterium with an asymmetric division cycle, uses oscillating levels of the second messenger cyclic diguanylate (c-di-GMP) to drive its cell cycle. We demonstrate that c-di-GMP directly binds to the essential cell cycle kinase CckA to inhibit kinase activity and stimulate phosphatase activity. An upshift of c-di-GMP during the G1–S transition switches CckA from the kinase to the phosphatase mode, thereby allowing replication initiation and cell cycle progression. Finally, we show that during division, c-di-GMP imposes spatial control on CckA to install the replication asymmetry of future daughter cells. These studies reveal c-di-GMP to be a cyclin-like molecule in bacteria that coordinates chromosome replication with cell morphogenesis in Caulobacter. The observation that c-di-GMP-mediated control is conserved in the plant pathogen Agrobacterium tumefaciens suggests a general mechanism through which this global regulator of bacterial virulence and persistence coordinates behaviour and cell proliferation.
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                    Figure 1: C-di-GMP regulates cell cycle progression via the CckA-CtrA phosphorelay.[image: ]


Figure 2: C-di-GMP binds to the catalytic domain to induce CckA phosphatase activity.[image: ]


Figure 3: C-di-GMP controls CckA activity to initiate chromosome replication.[image: ]


Figure 4: Model of the regulatory circuitry controlling cell cycle progression in C. crescentus.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Characterization of PdivK::Tn and Pxyl::divK derivatives.
a, Schematic of the synthetic lethality screen. pBlue-pleD is a low copy number plasmid carrying both pleD and lacA genes, each with its own promoter. The lacA gene encodes a subunit of the LacABC dehydrogenase responsible for the breakdown of β-galactosides in C. crescentus34. An open arrowhead in the top panel indicates a representative blue colony on an X-gal agar plate. Out of 142,000 independent transformants, representative white colonies or colonies with blue sectors indicating segregation of the unstable pBlue-pleD plasmid are indicated in the upper and lower panel. Genomic organizations of the divK locus in strains SH100 and SH111 are shown schematically. The exact position of the transposon insertion (PdivK::Tn) in the divK promoter region adjacent to the CtrA box is indicated by closed arrowheads. The transcription start site (+1) and the −10 and −35 elements are shown43. Mapping of the transposon to the CtrA-binding site in the divK promoter region might imply that this lesion reduces divK expression by interfering with CtrA-mediated positive control11. b, Cell morphology and chromosome replication activity. Indicated strains were analysed microscopically and by flow cytometry to measure DNA content. Cells were grown with or without rifampicin (rif) as indicated. Chromosome equivalents (N) are indicated. Phase-contrast images are shown with scale bars of 5 µm. Representatives of two biological replicates are shown. c, DivK levels deduced by immunoblot analysis. Cells grown in peptone yeast extract were harvested at an OD660 of ∼0.2 and subjected to SDS-13% PAGE, followed by immunoblot analysis using anti-DivK antibodies. The intensities of the DivK bands were quantified using ImageJ and are shown as relative values to NA1000 wild-type levels. Representative of two biological replicates is shown. d, Subcellular levels of PleD, DivK and CtrA in the Pxyl::divK derivatives. Cells of strains NA1000, UJ5065, UJ8012 and UJ8013 grown in peptone yeast extract (none) or peptone yeast extract supplemented with 0.2% glucose or 0.03% xylose were analysed by immunoblots as indicated. The intensities of the protein bands were quantified using ImageJ and are shown as relative values to wild-type NA1000. The vector control (pMR20) is indicated. Representatives of two biological replicates are shown. e, Chromosome replication activity of wild-type (UJ8012) and cdG0 (UJ8013) strains expressing divK from the Pxyl promoter. Strains were grown exponentially in peptone yeast extract (none) or peptone yeast extract supplemented with glucose (Gluc), followed by flow cytometry analysis. Representatives of two biological replicates are shown. f, Effect of PdivK::Tn on cell morphology in strains lacking pleD, popA, or both. Scale bar, 5 µm. Representative of two biological replicates is shown.


Extended Data Figure 2 C-di-GMP binds to CckA to induce phosphatase activity.
a, C-di-GMP inhibits the CckA phosphorelay. In vitro phosphorylation reactions with purified proteins (+) in the presence or absence of c-di-GMP (75 µM). A CtrA mutant (D51E) lacking the phosphate-acceptor site is shown as a control. Phosphorylated proteins are marked ∼P. The weak band with a size similar to CtrA (lines 3 and 6) corresponds to a phosphorylated breakdown product of ChpT. Representatives of three technical replicates are shown. b, C-di-GMP stimulates CckA dephosphorylation. Phosphorylation reactions with purified CckA were carried out as outlined in Fig. 2a. After reaching saturation, dephosphorylation was initiated by the addition of increasing concentrations of c-di-GMP. Reactions were run for 15 min and were analysed by autoradiography. Representative results of two technical replicates are shown. c, C-di-GMP inhibits CckA autophosphorylation. Purified wild-type CckA and phosphatase mutant (V366P) were incubated with [32P]ATP and with (+) or without (−) c-di-GMP (75 µM) as indicated. C-di-GMP was added at the time points indicated. Representatives of three technical replicates are shown. d, C-di-GMP specifically binds to CckA. Purified CckA protein was incubated with 33P-labelled c-di-GMP and cross-linked with ultraviolet light in the presence or absence of a tenfold or 100-fold excess of competing non-labelled nucleotides as indicated. Representatives of three technical replicates are shown. e, The CA domain of CckA specifically binds c-di-GMP. Purified full length CckA (FL, lacking N-terminal transmembrane domains) and the minimal binding unit (see f) was incubated with 33P-labelled c-di-GMP and cross-linked with ultraviolet light in the presence or absence of a 100-fold excess of non-labelled ATP or c-di-GMP as indicated. Representatives of three technical replicates are shown. f, Schematic of the domain architecture and truncated constructs of CckA. Amino acids marking the boundaries of each construct are indicated. Constructs marked by green and red bars showed c-di-GMP binding or failed to bind c-di-GMP, respectively. g, Truncated versions of the CckA proteins indicated in a were expressed, purified and analysed for c-di-GMP binding using ultraviolet cross-linking of 33P-labelled c-di-GMP37 (10 µM) in the presence (+) or absence (–) of a 100-fold excess of non-labelled c-di-GMP (1 mM). Samples were analysed by SDS–PAGE and autoradiography as indicated. Representatives of two technical replicates are shown. h, Left, AtCckA, the CckA homologue of A. tumefaciens binds c-di-GMP. The c-di-GMP binding affinities of wild-type AtCckA and the AtCckA(Y674D) mutant protein were determined by ultraviolet cross-linking at increasing concentrations of [33P]c-di-GMP. Relative binding units and affinities are shown. Error bars are standard deviations. Averages and standard deviations were obtained from three technical replicates. Right, AtCckA is regulated by c-di-GMP. Wild-type AtCckA and AtCckA(Y674D) mutant were incubated with [32P]ATP (0 min) and supplemented with c-di-GMP and other nucleotides (75 µM) at 30 min. Fractions were removed after 30 min or 60 min as indicated and analysed by autoradiography. Representative of two technical replicates is shown. i, Phosphatase activity of CckA alleles in the absence of ATP. Reactions were allowed to autophosphorylate for 15 min before hexokinase and d-glucose were added to rapidly deplete ATP. A representative gel image for wild-type CckA is shown (top). Kinetic analysis revealed that CckA(Y514D) retains wild-type-like phosphatase activity (bottom). Error bars are standard deviations. Averages and standard deviations were obtained from three technical replicates. j, Mutational analysis of amino acids contributing to c-di-GMP binding and phosphatase control. Purified CckA wild-type and mutant forms were analysed for phosphorylation activity and [33P]c-di-GMP binding as indicated above. Note that the residue D479 is involved in ATP binding. Consequently, the D479A mutant lacks kinase activity, but is unaltered in its ability to bind c-di-GMP. Representatives of two technical replicates are shown.


Extended Data Figure 3 Characterization of the c-di-GMP binding site by NMR spectroscopy.
a, Top, 2D [15N,1H]TROSY spectrum of 0.38 mM CckA-CA recorded at 20 °C. The sequence-specific resonance assignments are indicated. Bottom left, sequence-specific secondary backbone 13C chemical shifts of CckA-CA relative to the random coil values of Kjaergaard et al.44. A 1–2–1 smoothing function was applied to the raw data. Consecutive stretches with positive and negative values indicate α-helical and β-strand secondary structure, respectively. The secondary structure elements inferred from these data are indicated above. Asterisks indicate unassigned residues. Bottom right, profile–profile alignment of the CA domains of CckA and DivL carried out with HHpred45 and formed the basis for the generation of the CckA homology model (shown in Fig. 2G) using the Modeller software46. The sequence identity is 25%. Secondary structure elements of CckA as determined by 13Cα secondary chemical shifts and of DivL, as derived from the crystal structure (PDB ID: 4Q20) are shown below the sequence alignment. The residue numbering of CckA is indicated. b, Chemical shift perturbation of CckA-CA backbone amide moieties upon c-di-GMP binding. Left, combined chemical shift changes of amide moieties, Δδ(HN), are plotted against the residue number. The magnitudes of 1 s.d. (0.021 p.p.m.) and 2 s.d. (0.042 p.p.m.) are indicated by a purple and pink line, respectively. The arrow points to residues I524 and H525 that experience intermediate chemical exchange upon c-di-GMP binding. Asterisks indicate unassigned residues. Right, region of a 2D [15N,1H]TROSY spectrum of a titration of c-di-GMP to CckA-CA at 20 °C. Sequence-specific resonance assignments are indicated.


Extended Data Figure 4 CLUSTALW alignment of the CA domain of CckA.
CLUSTALW was used to align the CA domain of CckA from C. crescentus and from different alphaproteobacteria. A fragment of the CA domain is shown that corresponds to amino acids 467–546 of C. crescentus CckA. Residues involved in c-di-GMP binding are boxed (green) and red bars above the sequence indicate regions with significant chemical shift in NMR spectroscopy upon c-di-GMP titration. CLUSTALW scores for conservation, quality and consensus are indicated.


Extended Data Figure 5 DivK and c-di-GMP convergently control C. crescentus growth and replication.
a, Model for the regulation of chromosome replication by the CckA kinase/phosphatase switch at reduced levels of DivK. Bold and dotted lines indicate strong and weak reactions, respectively. Dark circles indicate c-di-GMP. The kinase (Kin) and phosphatase modes (Pho) of CckA are indicated. i, C-di-GMP authorizes S-phase entry by inducing CckA phosphatase. ii, C-di-GMP is unable to bind to and induce phosphatase activity of CckA(Y514D) resulting in a G1 arrest. iii, C-di-GMP authorizes S-phase entry by reducing kinase activity of the phosphatase mutant CckA(V366P). iv, Cells lacking PleD fail to downregulate CckA(V366P) kinase activity. b, CtrA binding to the origin region is increased in cells containing cckA(Y514D) and PdivK::Tn. CtrA occupancy at the origin was analysed using chromatin immunoprecipitation (ChIP) and quantitative PCR (qPCR) as described in the Methods. Error bars are s.d. c, Combining the cckA(Y514D) and PdivK::Tn alleles leads to a G1 arrest. Exponential cultures of mutants containing different combinations of cckA, PdivK and pleD alleles were analysed by light microscopy and flow cytometry. Representative examples of two biological replicates for phase-contrast images and profiles of DNA content are shown with scale bars of 5 µm. d, Reduced divK expression in PxylX::divK strains containing the cckA(Y514D) allele leads to G1 arrest. Top, schematic of the chromosomal arrangement of cells expressing divK from the Pxyl promoter (PxylX::divK) and harbouring different cckA alleles. The divK gene is fused to the PxylX promoter in the xylX locus. The chromosomal copy of divK at the original locus was replaced with a Ω cassette. Different cckA alleles were introduced at the cckA locus by allelic exchange. Bottom left, cellular levels of DivK and PleD as determined by immunoblot analysis in strains grown in the presence or absence of xylose. Cells expressing divK from its own promoter at the native locus (PdivK) were used as control. Note that for PxylX::divK derivatives grown in peptone yeast extract, twice as many cells were used. Band intensities were determined with ImageJ and the respective values shown as relative units compared to wild type. Bottom right, DNA content per cell mass (DNA/mass) was analysed as described in Fig. 1c and values are shown below the graphs. Fractions of cells containing more than two chromosomes are indicated by brackets. Representatives of two biological replicates are shown. e, Colony-forming ability of PxylX::divK strains carrying different cckA alleles. Fivefold serial dilutions of the indicated strains were spotted and grown for 2 days at 30 °C on peptone yeast extract plates with the supplements indicated. Representatives of two biological replicates are shown. Note that these results are consistent with individual DNA replication profiles shown in Fig. 3 and panel d. f, Reduced divK expression in PxylX::divK strains containing the cckA(Y514D) allele leads to increased CckA phosphorylation levels. The cellular fraction of phosphorylated CckA (CckA∼P) was determined using Phos-tag gel electrophoresis. As a control, CckA and phosphorylated CckA levels were determined in synchronized populations of wild-type cells proceeding through the cell cycle (bottom). PxylX::divK strains harbouring different cckA alleles were analysed during exponential growth at 30 °C in the presence or absence of glucose (0.3%). The addition of glucose reduces leaky expression from the Pxyl promoter. Relative ratios of phosphorylated CckA to total CckA are shown. Error bars are s.d. Averages and standard deviations were obtained from three biological replicates. g, Single-cell analysis of the replication status of mutants with reduced DivK levels and abolished CckA control by c-di-GMP. Strains producing LacI–CFP and harbouring an array of lac operator (lacO) sites near the origin of replication were analysed32. Fluorescent repressor–operator system strains contained wild-type cckA or the cckA(Y514D) mutant allele, as well as PdivK::Tn-tet with wild-type pleD or ΔpleD as indicated. Representative phase-contrast and fluorescence images of two biological replicates are shown. Numbers of origins per cell length units were analysed statistically and the mean value and standard deviations obtained from two biological replicates are shown as a column graph. For each strain, a total of >900 cells were analysed using MicrobeTracker (http://microbetracker.org). Note that these results are consistent with the DNA replication profiles of equivalent strains without the FROS module shown in Fig. 3 and panels c and d.


Extended Data Figure 6 C-di-GMP-mediated spatial control of CckA directs replication asymmetry in dividing cells.
a, b, Fluorescent repressor–operator system analysis was used to visualize DNA replication in individual cells. Dividing cells of wild-type C. crescentus (a) and cckA(Y514D) mutant (b) producing TetR–YFP and harbouring an array of tet operator (tetO) sites near the origin of replication were analysed by fluorescence microscopy. Frames from representative time-lapse movies used for panel c are shown. Stalked/old poles of newly divided daughter cells are marked with red arrows; newly replicated origins are marked with blue arrows. c, Spatial patterns of DNA replication were scored using a Tet-based fluorescent repressor–operator system and divided into three classes as indicated: replication initiation at the origin of replication located at the stalked pole (ST, orange), swarmer pole (SW, green), or at both poles (BI, blue). The bar diagram shows the quantification of wild-type and mutant strains with numbers indicating the percentage of cells falling into the three classes. The total number of cells analysed (n) is indicated above each bar. d, Expression cckAΔTM leads to c-di-GMP-dependent over-replication. Wild-type C. crescentus strains expressing different cckAΔTM alleles were analysed by light microscopy and flow cytometry as indicated. The fraction of cells bearing more than two chromosomes is indicated and shown as percentage. Representatives of two biological replicates are shown. e, Expression cckAΔTM leads to c-di-GMP-dependent over-replication. A C. crescentus cdG0 strain expressing cckAΔTM was analysed by light microscopy and flow cytometry as indicated. The fraction of cells bearing more than two chromosomes is indicated and shown as percentage. Representatives of two biological replicates are shown.
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