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Campylobacter jejuni is the leading bacterial cause of foodborne infections worldwide. However, our understanding of its cell cycle is poor. We identified the probable C. jejuni origin of replication (oriC) – a key element for initiation of chromosome replication, which is also important for chromosome structure, maintenance and dynamics. The herein characterized C. jejuni oriC is monopartite and contains (i) the DnaA box cluster, (ii) the DnaA-dependent DNA unwinding element (DUE) and (iii) binding sites for regulatory proteins. The cluster of five DnaA boxes and the DUE were found in the dnaA-dnaN intergenic region. Binding of DnaA to this cluster of DnaA-boxes enabled unwinding of the DUE in vitro. However, it was not sufficient to sustain replication of minichromosomes, unless the cluster was extended by additional DnaA boxes located in the 3′ end of dnaA. This suggests, that C. jejuni oriC requires these boxes to initiate or to regulate replication of its chromosome. However, further detailed mutagenesis is required to confirm the role of these two boxes in initiation of C. jejuni chromosome replication and thus to confirm partial localization of C. jejuni oriC within a coding region, which has not been reported thus far for any bacterial oriC. In vitro DUE unwinding by DnaA was inhibited by Cj1509, an orphan response regulator and a homolog of HP1021, that has been previously shown to inhibit replication in Helicobacter pylori. Thus, Cj1509 might play a similar role as a regulator of C. jejuni chromosome replication. This is the first systematic analysis of chromosome replication initiation in C. jejuni, and we expect that these studies will provide a basis for future research examining the structure and dynamics of the C. jejuni chromosome, which will be crucial for understanding the pathogens’ life cycle and virulence.
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INTRODUCTION

Campylobacter jejuni is a Gram-negative, microaerophilic bacterium that belongs to the Epsilon class of Proteobacteria, which has recently been proposed to constitute a separate phylum, the Epsilonbacteryota (Parkhill et al., 2000; Eppinger et al., 2004; Waite et al., 2017). C. jejuni colonizes the intestine of diverse animal species in a commensal manner. However, in humans, C. jejuni often invades intestinal epithelial cells and causes acute bacterial gastroenteritis (O Cróinín and Backert, 2012). The infection is generally self-limiting, but complications can arise and may include autoimmune sequelae like reactive arthritis, irritable bowel syndrome and Guillain–Barré syndrome (Kaakoush et al., 2015). C. jejuni is isolated from environmental samples; however, the main source of C. jejuni infections is the handling and consumption of contaminated poultry meat. Survival in or colonization of diverse niches indicates that C. jejuni, although quite stress-sensitive, can resist varying environmental conditions such as low temperature or atmospheric oxygen concentrations (Murphy et al., 2006). Chromosome replication is one of the most vulnerable processes, which has to be highly regulated, because unexpected interruption of replication (e.g., under stress conditions) may be fatal for the bacterium. Hence, a molecular understanding of chromosome replication in C. jejuni and other pathogens may provide new reliable ways to combat infections.

To precisely and efficiently regulate chromosome replication, bacteria control the process at the very first step – the initiation. Generally, bacteria initiate replication at oriC, a single, unique site on the chromosome. Bacterial oriCs consists of one or more clusters of DnaA binding sites (DnaA boxes), the DNA unwinding element (DUE) and the binding sites for regulatory proteins called oriBPs – origin binding proteins (Wolański et al., 2014; Marczynski et al., 2015). Upon initiation, the initiator protein DnaA binds to DnaA boxes at oriC and assembles into a filament that can distort double-stranded (ds) DNA at the DUE (Duderstadt and Berger, 2013; Wolański et al., 2014; Leonard and Grimwade, 2015; Katayama et al., 2017). Subsequently, the open complex serves as a platform for the assembly of a multiprotein replication machinery, called the replisome, which will synthesize the nascent chromosome. oriC can be mono- or bipartite, i.e., DnaA boxes can be gathered into a single (Escherichia coli, Mycobacterium tuberculosis) or two clusters (Bacillus subtilis, Helicobacter pylori) located in intergenic regions, usually in the vicinity of the dnaA – dnaN locus (Briggs et al., 2012; Wolański et al., 2014). Typical DnaA boxes are non-palindromic, oriented (i.e., 3′–5′ directed) 9-mers with sequences similar to the “perfect” high-affinity R-type E. coli DnaA box 5′-TTWTNCACA-3′ (Schaper and Messer, 1995; Leonard and Grimwade, 2011; Wolański et al., 2014). However, in E. coli and Caulobacter cresentus low-affinity DnaA boxes were also identified, which differ by 3–4 nucleotides from R-type DnaA boxes (McGarry et al., 2004; Kawakami et al., 2005; Taylor et al., 2011). High-affinity DnaA boxes are bound by ATP- and ADP-DnaA, while low-affinity DnaA boxes are exclusively bound by ATP-DnaA. The DUE is located outside of the cluster, adjacent to the last DnaA box in the scaffold. The DUE region has usually a size of around 50 bps and is rich in thymines and adenines (an AT-rich region) (Rajewska et al., 2012), which lower the thermodynamic stability of the DUE and makes it helically unstable, even in the absence of DnaA (Kowalski and Eddy, 1989). It should be noted that, despite minor differences, the oriC region unwound either due to intrinsic instability of the helix or in the presence of DnaA was shown to be similar [e.g., E. coli oriC (Kowalski and Eddy, 1989; Hwang and Kornberg, 1992a) or B. subtilis oriC (Krause et al., 1997)]. It has recently been shown that in many bacteria the DUE region proximal to the DnaA-box cluster encodes a 5′-TAG-3′ motif, named DnaA-trio. This motif is required by DnaA to open DNA and to assemble on ssDNA (Richardson et al., 2016). The primary role of the last module, oriBPs binding site, which binds to proteins that control oriC activity, is to efficiently transmit feedback information from the cell and/or environment to the oriC to rapidly adjust the replication rate (Wolański et al., 2014; Marczynski et al., 2015). oriBPs binding sequences can overlap with DnaA boxes or be located within the DUE or elsewhere within the oriC. They bind different classes of proteins, such as nucleoid-associated proteins (NAPs, e.g., E. coli IHF, Fis, SeqA) [(Waldminghaus and Skarstad, 2009; Wolański et al., 2014; Leonard and Grimwade, 2015) and references herein] or response regulators of two component systems (e.g., E. coli ArcA, B. subtilis Spo0A, H. pylori HP1021, M. tuberculosis MtrA) (Lee et al., 2001; Castilla-Llorente et al., 2006; Donczew et al., 2015; Purushotham et al., 2015). Thus, the oriBPs binding modules are highly diverse, both in structure and species specificity.

oriCs of four Epsilonproteobacteria have been identified to date (Donczew et al., 2012; Jaworski et al., 2016). The Epsilonproteobacterial origins typically co-localize with ruvC-dnaA-dnaN, with the exception of Helicobacteraceae species, in which this gene order is not conserved (e.g., H. pylori dnaA is located between punB and comH). They likely constitute bipartite origins, with clusters of DnaA boxes localized upstream (oriC1) and downstream (oriC2) of dnaA; DNA unwinding was shown to occur in oriC2 (Donczew et al., 2012; Jaworski et al., 2016). The typical Epsilonproteobacterial 9-mer DnaA box consists of the core nucleotide sequence 5′-TTCAC-3′ (4–8 nt of a 9-mer), with the 5th residue strictly conserved. This specific DnaA box sequence, together with the significant changes in the DNA-binding motif of corresponding DnaAs, determines the unique molecular mechanism of the DnaA-DNA interaction (Jaworski et al., 2016). There are two known regulators of H. pylori chromosome replication: HobA and HP1021. HobA, a homolog of E. coli DiaA (Keyamura et al., 2007; Natrajan et al., 2007), binds to DnaA and controls its oligomerization upon oriC binding (Zawilak-Pawlik et al., 2007, 2011), while HP1021 binds to H. pylori oriC to preclude DnaA binding to DnaA boxes and inhibit DNA unwinding at oriC (Donczew et al., 2015). Homologs of HP1021 and HobA are found in other Epsilonproteobacteria, including C. jejuni (Schär et al., 2005; Zawilak-Pawlik et al., 2011).

In this work, we identified and characterized the probable C. jejuni oriC. The C. jejuni oriC is most likely monopartite with the initial unwinding region located between dnaA and dnaN. We call this region DnaA-dependent DNA unwinding element (DUE), although, unlike in E. coli or B. subtilis DUE (Kowalski and Eddy, 1989; Krause et al., 1997), formal proof of protein-independent instability was not conducted. However, this region is AT rich, it is predicted to be helically unstable and it is unwound by DnaA. The dnaA–dnaN intergenic region contains a cluster of five DnaA binding sites which enable DnaA to build up a complex capable of DUE unwinding in vitro. However, for self-replication of minichromosomes in C. jejuni an additional 3′ end of dnaA comprising further DnaA binding sites are essential. Thus, C. jejuni oriC might be the first example of a bacterial origin that is partially located within a coding region, however, further studies are required to confirm the essentiality of these two DnaA boxes for initiation of C. jejuni chromosome replication. There are numerous DnaA binding sites located in the vicinity of oriC, mainly within the dnaA gene, which might play regulatory roles in controlling the initiation of complex assembly. We also identified Cj1509 (C. jejuni 81116 or Cj1608 in C. jejuni 11168), a homolog of H. pylori HP1021 (Schär et al., 2005). Here, we show that Cj1509 binds to C. jejuni oriC and inhibits oriC unwinding at the DUE. We speculate that these orphan regulators are regulating chromosome replication in Epsilonproteobacteria in response to as yet unknown signaling pathways.

MATERIALS AND METHODS

Materials, Strains and Culture Conditions

The plasmids, proteins and bacterial strains used in this work are listed in Supplementary Table S1. The oligonucleotide sequences are presented in Supplementary Table S2. C. jejuni 81116 genomic DNA was used as a template to amplify DNA fragments for cloning. E. coli was grown at 37°C on solid or liquid Luria-Bertani medium supplemented with 100 μg ml-1 ampicillin or 25 μg ml-1 kanamycin where necessary. C. jejuni was cultivated at 37°C or 42°C under microaerophilic conditions on Columbia Blood (CB) Agar (CM0331, Oxoid) or Brain Heart Infusion (BHI) Broth (CM1135, Oxoid) supplemented with trimethoprim and polymyxin B at final concentrations of 10 μg ml-1 and 2.5 U ml-1, respectively; colistin (10 μg ml-1) and kanamycin (25 μg ml-1) were added when necessary.

Minichromosome Maintenance

pRY107d was prepared by HindIII digestion of pRY107 and religation. The IGR regions were amplified by PCR using specific primer pairs (Supplementary Figure S1 and Supplementary Table S2) and inserted between the EcoRI and PstI restriction sites of pRY107d to generate pRY_X (X-respective IGR region, see Figure 1B, Supplementary Table S1 and Supplementary Figure S2A). The pRY plasmids were introduced into C. jejuni 81–176 using a conjugation protocol that has been described previously (Van Vliet et al., 1998; Zeng et al., 2015), with minor modifications. C. jejuni recipient cells were grown overnight on CB agar plates at 37°C under microaerophilic conditions and subsequently harvested using an inoculating loop and 2 ml of BHI broth pre-warmed to 50°C, diluted to OD600 = 1 and incubated at 50°C for 30 min. Washed E. coli S17-1 donor cells were resuspended in 0.5 ml of C. jejuni cells. The mixture was concentrated by centrifugation to 100 μl and placed on a CB agar plate without antibiotics. After a 5-h incubation at 42°C under microaerophilic conditions, the cells were harvested with 1 ml of BHI, centrifuged, resuspended in 100 μl of BHI and spread on CB plates supplemented with trimethoprim, polymyxin B, colistin and kanamycin. The plates were incubated at 42°C under microaerophilic conditions for 2–4 days. Four colonies of each conjugation were streaked on CB agar plates supplemented with selective antibiotics, incubated for 2 days and harvested. Genomic DNA was purified and used as a template for PCR with the following primer pairs: B4-B5, F1-F2, M13-rM13, and F3-F4 or in Southern blot analysis. Southern blot was performed as described (Sambrook and Russell, 2001). Briefly 10–20 μg of C. jejuni genomic DNA and 10 ng of a control plasmid DNA isolated from E. coli, undigested or digested with appropriate restriction enzymes, were resolved in 1% agarose gel. DNA was transferred onto a nylon membrane and incubated at 58°C with digoxigenin-labeled DNA probe (314 bp DNA, amplified with primers A3–A4). Southern blot was developed by colorimetric reaction using anti-digoxigenin antibody (Anti-Digoxigenin-AP, Fab fragments, Roche). The presence of the self-replicating pRY4_6 plasmid in C. jejuni was additionally analyzed by transformation of E. coli TOP10 competent cells with genomic DNA isolated from C. jejuni pRY4_6 conjugants. Plasmid DNA was purified from E. coli colonies and analyzed by digestion with EcoRI and PstI.
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FIGURE 1. Identification of Campylobacter jejuni oriC. (A) Schematic presentation of a chromosomal region containing predicted oriC (Gao et al., 2013). The genes and intergenic regions (IGR) are drawn to scale with sizes indicated in brackets. Putative DnaA boxes identified according to the Epsilonproteobacterial DnaA box consensus sequence (Jaworski et al., 2016)) are marked. (B) Schematic presentation of the results of oriC-plasmid maintenance analysis. IGR regions cloned into non-replicating pRY107d are presented below the chromosomal scheme. Plasmids were introduced into C. jejuni cells by conjugation (see section “Materials and Methods”). Plasmids conferring C. jejuni resistance to kanamycin are marked by “+,” while “–“ denotes – no growth of C. jejuni conjugates on kanamycin. (C) Possible scenarios of oriC plasmids’ fate in C. jejuni. Plasmids containing oriC can self-replicate or incorporate into C. jejuni chromosome via single crossing over. In each case it will confer C. jejuni resistance to kanamycin.



Protein Expression and Purification

The dnaA gene was amplified by PCR using primer pairs B1–B2 and B1–B3 and inserted between the BamHI-XhoI restriction sites of pET28a(+) and pT21Strep, to generate pET28CjDnaA and pET21CjDnaA, respectively. pET21Strep is pET21b(+) derivative modified by removal of T7tag sequence and insertion of the Strep-tag sequence (for details see Supplementary Table S1 and Supplementary Figure S4A). 6HisCjDnaA (N-terminal His-tagged) and StrepCjDnaA (C-terminal Strep-tagged) (Supplementary Figure S4B) were expressed and purified as described previously (Zawilak-Pawlik et al., 2006) or according to Strep-Tactin manufacturer’s protocol (IBA Lifesciences). The activities of recombinant His-tagged and Strep-tagged proteins were similar to other Epsilonproteobacterial DnaAs, which was confirmed by using similar experimental conditions as previously published. In particular, in the P1 nuclease or the DMS footprinting assays CjDnaA was used at 20:1 to 160:1 DnaA:oriC ratios while H. pylori DnaA was used at up to 80:1 DnaA:oriC ratio in P1 (Donczew et al., 2012) and DMS assays (Donczew et al., 2014). We did not observe significant differences in concentration of HisCjDnaA and StrepCjDnaA required for specific unwinding of C. jejuni oriC, thus it was concluded that the tags did not interfere with C. jejuni DnaA unwinding or DNA binding activities. StrepCjDnaA was preferentially used in analyses that could require a free N-terminus [e.g., long-range interactions in electron microscopy (EM) or putative interactions with Cj1509]. In all analyses, DnaA was supplemented with 3 mM ATP (EM) or 5 mM ATP (footprinting and P1 nuclease assay).

Plasmid pET28Cj1509 was constructed by ligating the PCR-amplified gene using primer pair B4-B5 into BamHI/SalI-digested pET28a(+). Cj1509 protein expression was induced in E. coli BL21 by the addition of IPTG to a final concentration of 0.05 mM, followed by an additional incubation for 3 h at 30°C. Cells were centrifuged, resuspended in His-A buffer (50 mM NaH2PO4, 300 mM NaCl, pH 8.0), sonicated and centrifuged (30 min, 15,000 ×g, 4°C). The supernatant was incubated for 1 h at 4°C with HIS-Select Nickel Affinity Gel (Sigma-Aldrich), washed twice with His-A buffer supplemented with 10 mM imidazole and eluted with His-A buffer with increasing concentration of imidazole (20–200 mM).

DMS Footprinting

In vitro DNA modification was performed as described previously (Cassler et al., 1995; Donczew et al., 2014) in a concentration range of 0.4–1.6 μM or 0.5–2.1 μM for 6HisCjDnaA and 6HisCj1509, respectively. Methylated pOC_24 and pOC_IGR4 were used as a template for primer extension (PE) reactions with appropriate primers (see Supplementary Table S2).

P1 Nuclease Assay

The P1 nuclease assay was conducted as previously described (Donczew et al., 2012). Reaction mixtures contained 300 ng of pOC_IGR plasmid DNA (approximately 10 nM) and 6HisCjDnaA protein (up to 1.6 μM), or a mixture of StrepCjDnaA (up to 0.8 μM) and 6HisCj1509 (up to 1.6 μM), in a total volume of 15 μl. P1 activity was analyzed by SspI restriction enzyme digestion and 1% agarose gel separation or PE analysis. The gels were scanned with a GelDoc Xr+ Imaging System (Bio-Rad).

Primer Extension (PE) Reactions

The modification sites introduced either by DMS or P1 nuclease were monitored by PE analysis. Reaction conditions, mixture separation and product visualization were conducted as described previously (Jaworski et al., 2016).

Electrophoretic Mobility Shift Assay (EMSA)

Electrophoretic mobility shift assay was conducted as described previously (Jaworski et al., 2016). The IGR regions were amplified by PCR using IRD800 labeled E1-E2 or FAM-labeled E5-E6 primer pairs (Supplementary Table S2) and specific template pOC_X for IGRX to give IRD800-IGRX or FAM-IGRX (X-respective IGR region, pOC plasmids are described in Supplementary Table S1). The NC control region was amplified by PCR using IRD800 labeled E3–E4 primer pair and specific template pTZ_NC (Supplementary Tables S1, S2) to give IRD800-NC. Probes representing Cj1509 boxes were designed as described previously (Jullien and Herman, 2011). Oligonucleotides (Supplementary Table S2), suspended in H2O, were mixed in equimolar concentration (33.3 μM each, in threes: E7–E8–E9 for Cj1509 box 1, E7–E10–E11 Cj1509 box 2 and E7–E12–E13 Cj1509 box 3) and hybridized. 0.4 μM of the complete annealed probe was used in gel shift analyses. IRD800- or FAM-labeled DNA fragments were incubated with 6HisCjDnaA protein (up to 30 nM) or 6HisCj1509 (up to 400 nM) at room temperature for 15 min. Bound complexes were resolved on 4% polyacrylamide gels (1x TBE at 7.5 V/cm) and visualized on an Odyssey CLx Infrared Imaging System (Li-Cor) or Typhoon FLA9500 Variable Mode Imager (GE Healthcare).

Electron Microscopy (EM)

Electron microscopy was performed as described previously (Spiess and Lurz, 1988; Donczew et al., 2012, 2014) with few modifications. 90 ng (approximately 110 nM) of StrepCjDnaA protein was incubated with 60 ng (approximately 1.4 nM) of pOC_24 plasmid DNA. Complex localization was measured using ImageJ 1.46v software (Schneider et al., 2012). To calculate the binding and distribution of protein, approximately 300 DNA molecules were analyzed.

In Silico Analysis

The prediction of oriC-type replication origins in the C. jejuni 81116 chromosome was performed using a stepwise procedure, as described previously (Donczew et al., 2012; Jaworski et al., 2016). The DnaA box consensus sequence was generated by WebLogo3 (Schneider and Stephens, 1990; Crooks et al., 2004). The DnaA and Cj1509 box search was performed by Pattern Locator (Mrázek and Xie, 2006). DnaA alignment was prepared by Praline (Bawono and Heringa, 2014).

RESULTS

We identified the probable C. jejuni origin of chromosome replication and characterized its three basic modules: DUE, DnaA boxes and OriBP binding sites in a three-step approach: in silico analysis of putative origins, analyses of mini-chromosome replication in vivo and DnaA-DNA and Cj1509-DNA interactions in vitro.

C. jejuni oriC Is Located Downstream of dnaA

DoriC predicted C. jejuni 81116 oriC for pos. 1324–1482 [ORI92240122] (i.e., dnaA–dnaN intergenic region) (Gao et al., 2013). According to this database, the predicted oriC contains two DnaA boxes highly similar to E. coli perfect DnaA box (no more than one mismatch from 5′-TTATCCACA-3′). However, Epsilonproteobacterial DnaA boxes differ from the perfect E. coli DnaA box (Jaworski et al., 2016). Thus, we searched for E. coli consensus DnaA box sequence (5′-TTWTNCACA-3′) allowing for two mismatches (Schaper and Messer, 1995). The search also filtered for the presence of a 5′-TCAC-3′ (5–8 nt) sequence to meet more stringent Epsilonproteobacterial criteria (Jaworski et al., 2016). We found a cluster of four DnaA boxes at predicted oriC and the putative DUE sequence downstream of the last DnaA box (Figure 1A and Supplementary Figure S1). Significantly, a degenerated ‘DnaA trio’ motif (5′-TAG-3′) (Richardson et al., 2016) was found between the DnaA box cluster and the putative DUE. Due to these structural similarities to other oriCs of Epsilonproteobacteria, we assumed that replication started at dnaA–dnaN intergenic region. However, numerous DnaA boxes were also found in the intergenic regions upstream of dnaA (intergenic regions were denoted IGR1–IGR3, dnaA–dnaN was denoted IGR4 for clarity of description, Figure 1 and Supplementary Figure S1). Since the known Epsilonproteobacterial oriC regions are bipartite (Jaworski et al., 2016), IGR4-proximate IGR2 or less likely IGR4-distal IGR1, which contain predicted DnaA boxes, may be involved in the initiation of C. jejuni replication similarly to Epsilonproteobacterial oriC1 (Jaworski et al., 2016).

Thus, we analyzed the functionality of all four selected IGRs as putative oriC (sub-)regions in C. jejuni. We used a minichromosome approach, which has been successfully applied to identify or to characterize chromosomal origins of replication of several bacterial species, for example, E. coli, Streptomyces coelicolor, and B. subtilis (Yasuda and Hirota, 1977; Moriya et al., 1992; Zakrzewska-Czerwińska et al., 1995). The minichromosome is a plasmid that contains a chromosomal oriC as sequence that supports the plasmid’s autonomous replication in a cell of a given species (Dasgupta and Løbner-Olesen, 2004). In addition, minichromosomes contain selection markers and may contain sequences for propagation of a plasmid (plasmid oriV) in a heterologous host strain, which is usually E. coli. To study the C. jejuni oriC, we used a derivative of a shuttle E. coli–C. jejuni plasmid pRY107 as a cloning vector (Yao et al., 1993). We removed CjoriV supporting pRY107 replication in C. jejuni and obtained pRY107_d, which was incapable of replicating in C. jejuni but contained EcoriV and, thus, could still replicate in E. coli (Figure 1B and Supplementary Figure S2). pRY107_d was further used for cloning of the IGRs previously determined by in silico analyses as putative C. jejuni oriC regions (see section “Materials and Methods”). A series of plasmids was obtained containing the intergenic regions IGR1–IGR4 (pRY1, pRY2, pRY3, pRY4, respectively) (Figure 1B, Supplementary Table S1 and Supplementary Figure S2). The plasmids were introduced into C. jejuni 81–176 via conjugation (see section “Materials and Methods”); pRY107 was introduced in a parallel conjugation and served as a positive control for conjugation, replication and selection in C. jejuni. None of the cloned IGR regions supported the replication of the plasmids in C. jejuni because no colonies were obtained after conjugation. Conversely, the control pRY107 plasmid replicated in C. jejuni because kanamycin-resistant C. jejuni conjugant colonies grew on selective plates. The in silico analysis indicated that there were numerous DnaA boxes within the dnaA gene and other IGR regions, which could be necessary to support IGR4 activity (Figure 1A). Therefore, we prepared a series of plasmids, all of which contained IGR4 but differed in the length of DNA extending upstream of IGR4, up to IGR2 (pRY4_6 and data not shown, Supplementary Table S1 and Figures 1B,C). Plasmid pRY4_6, which contained IGR4 extended by 120 bp of 3′ of dnaA encompassing two additional putative DnaA boxes, was the shortest construct, which, when introduced into C. jejuni by conjugation, successfully supported C. jejuni growth on selective kanamycin plates. We confirmed by PCR that the genomic DNA isolated from C. jejuni pRY4_6 conjugants contained the pRY4_6 plasmid (Supplementary Figure S2B). We also excluded by PCR the possibility that residual E. coli DNA contaminated isolated C. jejuni genomic DNA (Supplementary Figure S2B). Thus, the pRY4_6 plasmid detected by PCR was carried by C. jejuni conjugants. pRY4_6 could be carried by C. jejuni as a self-replicating plasmid or could have been integrated into C. jejuni chromosome (Figure 1C). To confirm that pRY4_6 self-replicated in C. jejuni, we isolated pRY4_6 plasmid from C. jejuni, transformed E. coli with this plasmid, re-isolated it from transformants and digested the extracted plasmid by EcoRI and PstI. The restriction pattern confirmed the authenticity of pRY4_6 (Figure 2A). Finally, we performed Southern blot to confirm the presence of self-replicating pRY4_6 plasmid in C. jejuni. We resolved undigested and PstI-digested C. jejuni genomic DNA and the pRY4_6 plasmid in 1% agarose gel (Supplementary Figure S3) and transferred DNA onto a nylon membrane. The membrane was then incubated with the digoxigenin-labeled, 314 bp-DNA probe, corresponding to the sequence of IGR4 extended by approximately 120 bps of the 3′ dnaA sequence (Figure 1C). In undigested genomic DNA the probe detected IGR4 within high-molecular weight C. jejuni chromosomal DNA, both in C. jejuni wild type and C. jejuni pRY4_6 conjugant (Figures 2B,C). In pRY4_6 conjugant strain, but not in the wild type strain, the additional single band corresponding to intact, self-replicating plasmid DNA was detected. The intensities of bands representing the self-replicating pY4_6 plasmid were low when compared to the signal detected within undigested C. jejuni chromosomal DNA, which suggested that only a fraction of cells maintained the self-replicating plasmid, while in majority of C. jejuni cells the plasmid recombined with the chromosome. In PstI-digested genomic DNA, in C. jejuni wild type strain, the probe detected a single DNA band corresponding to wild type IGR4 genomic locus. In C. jejuni pRY4_6 conjugant, the probe detected two bands corresponding to wild type IGR4 genomic locus and pRY4_6 plasmid which integrated into the C. jejuni chromosome. Molecular weight and approximately 1:1 stoichiometry of detected bands suggested that recombination occurred via single crossing over (Figure 1C). The PCR reaction, performed using F3–F4 primer pair (Figure 1C), confirmed the presence of both intact and recombined oriC loci in DNA isolated from C. jejuni pRY4_6 conjugants (Supplementary Figure S2C), which further confirmed the presence of two populations of C. jejuni cells. Altogether, the results showed that C. jejuni pRY4_6 is unstable and tends to integrate into the C. jejuni chromosome, which is a known and common phenomenon observed for minichromosomes in diverse bacterial species (see section “Discussion”). Nonetheless, since pRY4_6 was re-isolated from C. jejuni and was detected as a self-replicating plasmid in southern blot, we conclude, that the a 318 bp fragment containing the intergenic region between dnaA and dnaN (IGR4) and two predicted DnaA boxes located in the 3′ region of the dnaA gene is sufficient to maintain replication of mini-chromosomes. We named this region probable C. jejuni oriC (CjoriC) (Figure 2D).
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FIGURE 2. Analysis of pRY4_6 self-replication in C. jejuni. (A) Gel analysis of plasmids isolated from E. coli TOP10 cells transformed with genomic DNA of C. jejuni pRY4_6 conjugant strain. Plasmids were digested by EcoRI and PstI. The plasmid propagated in E. coli DH5a is shown as a control. (B) Southern blot analysis of C. jejuni pRY4_6 conjugant strain. C. jejuni 81176 wild type and C. jejuni pRY4_6 conjugant strains genomic DNA and the pRY4_6 plasmid, isolated from E. coli, undigested or digested with PstI, were resolved in 1% agarose gel (Supplementary Figure S3), transferred onto a nylon membrane and probed with the digoxigenin-labeled DNA probe (Figure 1C). Southern blot was developed by anti-digoxigenin antibody followed by colorimetric reaction. (C) The fragment of the blot, presenting probe hybridisation to not digested DNA, was digitally manipulated to increase intensity of bands corresponding to the self-replicating pRY4_6 and to reduce the background. Adjustment was applied to the whole image. (D) Nucleotide sequence of C. jejuni DNA, which enabled self-replication of the pRY4_6 minichromosome. The sequence in bold presents DNA region cloned into pRY4, which did not replicate in C. jejuni.



C. jejuni DnaA Unwinds CjoriC in Vitro

In the next step, we assessed whether the identified CjoriC region is unwound by DnaA in vitro since the presence of the region that undergoes specific DnaA-dependent unwinding is the most unequivocal in vitro indication of oriC functionality. To experimentally validate DNA unwinding and to identify the DnaA-dependent DUE position in predicted CjoriC, P1 nuclease assay was applied (Sekimizu et al., 1987). A plasmid containing the IGR4 region was constructed (pOC_IGR4), and the C. jejuni DnaA protein was purified (see section “Materials and Methods,” Figure 3A, Supplementary Table S1 and Supplementary Figure S4). As a control, we constructed a pOC_IGR2 plasmid containing IGR2 (Supplementary Table S1 and Figure 3A), which was predicted to exhibit significant helical instability (data not shown), however, it was unable to support minichromosomal replication in C. jejuni (Figure 1B). The supercoiled plasmids were incubated with increasing amounts of DnaA protein and digested with P1 nuclease to cleave the resulting single-stranded DNA regions. Subsequently, site-specific digestion by SspI excised the DNA fragment from the plasmid. The size of the fragment allowed us to estimate the position of a region unwound by DnaA. In the case of pOC_IGR4, DNA fragments of approximately 1000 and 1400 bp were excised by P1/SspI, indicating specific formation of a single-stranded DNA within the CjoriC region (Figure 3A). pOC_IGR2 was only linearized by SspI. Thus, DnaA-dependent unwinding occurred in IGR4, but not in IGR2 (Figure 3A). IGR4 represents CjoriC lacking the two DnaA boxes distal to DUE (Figure 2D), but it was previously shown that not all DnaA boxes are required for DUE unwinding in the oriC cloned into a plasmid (Ozaki and Katayama, 2012; Donczew et al., 2014; Sakiyama et al., 2017). Regardless of the DnaA presence or concentration, all lanes contained additional DNA fragments of 400 and 2000 bp because the plasmids were also unwound at a site corresponding to the plasmid origin of replication (Kowalski et al., 1988). In addition, a fraction of pOC_IGR4 molecules was unwound simultaneously at IGR4 and plasmid origin, which resulted in three DNA fragments: one 400 bp and two 1000 bp. Therefore, the overall intensity of the 1000 bps DNA band on the gel was higher than that of 1400 bp band (Figure 3A).
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FIGURE 3. Identification of the DUE in C. jejuni oriC. (A) Supercoiled plasmids pOC_IGR2 and pOC_IGR4 were incubated with the indicated amounts of 6HisDnaA and successively digested by P1 nuclease and SspI. Digested plasmids were resolved in 1% agarose gel, and the fragments resulting from DnaA-dependent unwinding are indicated by red arrowheads next to the gel, while the DNA fragments resulting from DnaA independent unwinding within the plasmid pBR322 ori site are indicated by green arrows. A map of the pOC_IGR plasmids used in the P1 nuclease assay is presented below the gel. The IGR regions, pBR322 plasmid origin of replication and positions of the most important restriction sites are marked. P1-sensitive DnaA-dependent unwinding is distinguished from DnaA-independent by red and green lines, respectively. (B) The supercoiled plasmid pOC_IGR4 was incubated with the indicated amounts of 6HisDnaA, digested by P1 nuclease and used as a template for PE reactions with 32P-labeled primers C1 and C2. Dashed lines on the right of the PE gel indicate the nucleotides susceptible for the P1 nuclease treatment, while the boundaries of the DUE are marked with continuous-line arrows next to the presented sequences. The sequence of the DUE (dashed line, yellow shadowing), the degenerated DnaA-trio motif (solid line) and predicted DUE-proximal DnaA box (light-red) are presented below the PE gel. Yellow shadowing is used to mark DUE in subsequent figures.



To precisely determine the unwound regions, primer extension (PE) reactions with 32P-labeled primers were performed using the P1-digested pOC_IGR4 plasmid template (Figure 3B; the primers are specified in Supplementary Table S2). The primers hybridized to the template DNA approximately 40–80 bp away from the in silico-predicted DUE region within IGR4, which was extended by Taq polymerase until the P1 nuclease digestion site was encountered. The detailed PE analysis confirmed that the IGR4 region underwent DnaA-dependent unwinding, and thus it contained the DUE sequence (Figure 3B). The DUE encompasses approximately 35 bps and contains 19% GC residues (overall chromosomal GC content is 30.5%). The main part of the identified DUE region is an AT-rich region, which is a typical feature of bacterial origins. Analysis of the DUE sequence did not reveal any repeats similar to 13-mer E. coli L, M, R repeats. We detected a degenerate DnaA-trio (5′-TAG-3′), but no GC-rich region was found in the C. jejuni oriC region (Richardson et al., 2016).

Taken together, the above in vivo (minichromosomes) and in vitro (P1 plasmid unwinding) data indicate that IGR4 extended by approximately 120 bps of a 3′ region of dnaA is probably the functional C. jejuni oriC.

DnaA Boxes Are Present in oriC and in the oriC-Vicinal Region

The DNA is unwound by the DnaA protein bound to DnaA boxes at oriC. The in silico analysis predicted numerous DnaA binding sites in the vicinity of CjoriC (Figure 1A and Supplementary Figure S1). Accordingly, the gel shift results indicated that IRD800-labeled DNA fragments comprising IGR1, IGR2, and IGR4, for which the DnaA boxes were predicted, were bound by DnaA, while no binding was observed for a fragment comprising IGR3, which contained only 1 predicted, apparently non-optimal DnaA box sequence (Supplementary Figure S5). The number of distinct nucleoprotein complexes that formed between DnaA and IRD800-IGR4 was higher than between DnaA and IRD800-IGR2 or IRD800-IGR1, indicating a higher number of DnaA binding sites at IRD800-IGR4 than at IRD800-IGR2 and IRD800-IGR1.

Therefore, the next step was to precisely identify DnaA boxes at C. jejuni oriC by dimethyl sulfate (DMS) footprinting (Sasse-Dwight and Gralla, 1991; Cassler et al., 1995; Shaw and Stewart, 2009) and to establish the C. jejuni DnaA box consensus sequence. Briefly, DMS methylates guanine or adenine residues. DMS footprinting allows the detection of DNA sequences that are bound by a protein and thus protected by the protein against guanine or adenine methylation. These protected residues are distinguishable as DNA bands with a decreased intensity on a footprinting gel. The pOC_24 plasmid (Supplementary Table S1) containing the IGR2-ruvC-IGR3-dnaA-IGR4 region was incubated with increasing concentrations of the C. jejuni DnaA protein and methylated by DMS. To determine protein binding sites, sets of primers (Supplementary Table S2), that were complementary to the upstream regions of predicted DnaA boxes were used in PE reactions. We detected multiple G residues that were protected by DnaA in IGR4 (Figures 4A–C and Supplementary Figure S6). The subsequent comparison of the DNA sequences in the vicinity of protected G residues allowed to classify the identified DnaA binding sites as DnaA boxes, because they resembled DnaA boxes characterized in other bacterial species (Wolański et al., 2014) (Supplementary Figure S7) (see also section “Discussion”). In total we identified five DnaA boxes in the IGR4 intergenic region and two DnaA boxes enclosed within the 3′ end of the dnaA gene that were essential to support minichromosome replication in C. jejuni as discussed above (Figure 2D). Thus, the C. jejuni oriC contained seven DnaA boxes bound by DnaA in vitro, from which one DnaA box (5′-AATTTCAAC-3′, DnaA box 1) was not predicted in silico, because of absence of the Epsilonproteobacterial core sequence (Supplementary Figure S6B). The oriC region preserved the general features of a typical bacterial origin of replication, namely, the distance (approximately 1–2 helical turns) and spatial orientation between the DUE and CjDnaA box 1 (Figure 4G) and the fact that CjDnaA box 1 is accompanied by a second DnaA box 2 in head-to-tail orientation. This array has been proposed to be essential for the formation of a functional orisome and DUE unwinding in a few bacterial species including H. pylori (Donczew et al., 2014). The unique feature of C. jejuni oriC is the possible requirement for DnaA boxes located in the dnaA gene for the activity of oriC in vivo (see section “Discussion”).
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FIGURE 4. Identification of DnaA boxes in the C. jejuni IGR2, IGR4 regions and the dnaA gene by in vitro DMS footprinting. (A–F) pOC_24 was incubated with the indicated concentrations of the 6HisDnaA protein, methylated with DMS and used as a template for PE reactions; primers used to map DnaA boxes are specified in Supplementary Table S2. Protected guanosine residues (G) are indicated by arrows, and the complementary cytosine residues in the DnaA box are indicated by red boxes. Densitometric plots are presented in Supplementary Figure S6. (G) Schematic presentation of the localization of DnaA boxes identified in silico (light red) and detected by DMS footprinting (red). The E. coli oriC region is presented for comparison of the most characteristic oriC features; only strong R-type DnaA boxes are marked (Hansen et al., 2007; Leonard and Grimwade, 2015). (H) Sequences of in vitro-identified C. jejuni DnaA boxes. The WebLogo was used to create a consensus sequence of the C. jejuni DnaA box.



We additionally analyzed DnaA binding to two other regions outside oriC at which DnaA boxes were predicted: IGR2, which is supposed to contain two DnaA boxes and the middle region of dnaA in which four DnaA boxes were predicted (Supplementary Figures S1, S6B). The DMS footprinting analysis confirmed DnaA binding to four of those predicted DnaA boxes (DnaA binding sites 9–11 and 13), while it allowed to identify two new DnaA binding sites: 8 (5′-AACTGCACA-3′) and 12 (5′-TATTACACA-3′), which were not predicted due to deviation from the core of the typical Epsilonproteobacterial DnaA box (Figures 4D–F and Supplementary Figure S6). Please note, that our analysis do not preclude further binding of DnaA to other oppositely oriented or non-clustered DnaA boxes, not detected by using by using a single PE primer. Nonetheless DMS footprinting and in silico analyses indicated a high number of DnaA binding sites in the oriC-proximal region (Figure 4G); however, they were more scattered in regions outside of oriC than those enclosed within C. jejuni oriC, with the exception of DnaA boxes in the middle and in the 3′ region of dnaA (see also below). The sequences of 13 in vitro-determined DnaA binding sites were assembled to generate a logo of the C. jejuni DnaA box sequence, 5′-NHHWDCAMH-3′ (Supplementary Figure S7), with the majority of boxes at oriC following the more stringent Epsilonproteobacterial DnaA box core consensus 5′-WWHTTCACW-3′ sequence (Figure 4H and Supplementary Figure S7) (see also section “Discussion”).

The DnaA-oriC Nucleoprotein Complex Engages oriC-Proximal DNA

C. jejuni oriC is most likely monopartite. However, the results presented thus far indicated the presence of numerous DnaA binding sites in oriC-vicinal regions, such as ruvC, flgE, and dnaA genes or the IGR1, IGR2, and IGR4 intergenic regions (Figures 1A, 4G). The binding of DnaA to IGR1 and IGR2 intergenic regions was confirmed by gel shift and footprinting assays (Supplementary Figure S5 and Figure 4). The results suggested that the nucleoprotein complex formed by C. jejuni DnaA might extend beyond the CjoriC region required to support replication of the minichromosome (pRY4_6, Figure 1B). Such auxiliary binding sites may play regulatory roles in the initiation of C. jejuni chromosome replication or indicate further functions of DnaA, for example, in chromosome maintenance or structure. Thus, to better characterize DnaA binding to oriC proximal regions and, especially, to monitor intermolecular interactions between DnaA, we further analyzed the binding of DnaA to a plasmid that contained the entire region between flgE and dnaN by electron microscopy (EM) (Figure 5). The supercoiled pOC_24 plasmid that contained IGR2-ruvC-IGR3-dnaA-IGR4 (Supplementary Table S1) was incubated with the StrepCjDnaA protein. The StrepCjDnaA protein contained a C-terminal Strep-tag and a native N-terminus, which might be essential for long-range protein–protein interactions (Zawilak-Pawlik et al., 2017). The nucleoprotein complexes were subsequently stabilized by glutaraldehyde crosslinking and digested by ScaI to linearize the plasmid molecules. EM analysis revealed that the majority (94%) of the analyzed plasmid molecules were bound by DnaA (Figure 5). Two predominant kinds of nucleoprotein complexes were formed: (i) plasmid molecules with a single protein complex bound to a single plasmid region (type 1 complexes, Figure 5A) and (ii) looped DNA structures with a relatively large protein complex (or complexes) bound to at least two separated DNA regions (type 2 complexes, Figures 5B,C).
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FIGURE 5. Electron microscopy analysis of the StrepCjDnaA interaction with pOC_24 plasmid. The plasmid was incubated with StrepCjDnaA protein, fixed with glutaraldehyde and digested with ScaI. Representative pictures present the following: (A) StrepCjDnaA binding to the IGR4 region. (B) The simultaneous interaction of StrepCjDnaA with IGR4 and DnaA boxes in the dnaA gene. (C) Large StrepCjDnaA complex interactions with multiple sites along IGR4-dnaA. (D) Histogram of complexes of supercoiled pOC_24 with StrepCjDnaA. The most characteristic features of the plasmid are shown below the histogram. The distribution of the complexes was calculated based on an analysis of 300 molecules.



The type 1 complexes constituted 37% of all bound molecules. The distance measurements confirmed the binding of DnaA to the oriC region in 52% of the single nucleoprotein complexes (19% of all complexes), while 15% of the type 1 protein complexes were formed by DnaA binding between oriC and IGR2 (5.6% of all complexes, Figure 5D). Additionally, 33% of the type 1 complexes (12% of all complexes) were formed outside of C. jejuni DNA (i.e., on a DNA of the vector pOC), and thus they should be considered non-specific.

The type 2 complexes constituted 63% of all bound molecules. The distance measurements between the plasmid ends and the protein core confirmed the simultaneous binding of DnaA to oriC and to the region located between IGR2 and oriC in 66% of the complexes (42% of all bound plasmid molecules, Figures 5B,C). However, in the type 2 complexes, DnaA bound to and condensed a large portion of ruvC-IGR3-dnaA-oriC DNA, with only a short unbound DNA stretch being looped out into 1 or 2 short loops. Thus, only the borders of DnaA binding (i.e., the length of the plasmid between ScaI-IGR2 and oriC-ScaI) could be relatively precisely measured along a plasmid molecule. Approximately 30% of the type 2 complexes (19% of all complexes) were bound at IGR2-ruvC-IGR3-dnaA without binding to oriC, and 4% of the type 2 complexes (2% of all complexes) were formed in non-specific regions (Figure 5D).

Taken together, the EM analysis indicated that in two types of complexes, type 1 and type 2, DnaA exhibited a higher affinity or more stable binding toward oriC than toward other regions because 60% of the complexes involved oriC (Figure 5D). Nonetheless, the majority of the complexes also included other regions of C. jejuni DNA (36 and 63% of types 1 and 2 complexes, respectively). This result indicated that (i) C. jejuni DnaA bound to multiple sites along DNA and (ii) DnaA exhibited high dimerization or oligomerization potential, and probably the ability to establish long-range interactions. These two findings suggest DnaA activity in processes beyond initiation of C. jejuni chromosome replication (see section “Discussion”).

The Cj1509 Orphan Response Regulator Interacts With CjoriC and Inhibits DUE Unwinding

The orphan response regulator HP1021 was recently identified in H. pylori as a negative replication initiation regulator (Donczew et al., 2015). Since the two bacteria are related and the HP1021 protein is conserved and unique in Epsilonproteobacteria, we decided to analyze the role of the C. jejuni homolog Cj1509 in the initiation of C. jejuni chromosome replication.

To determine the affinity of Cj1509 for DNA, a gel-shift assay was conducted. For this purpose, a recombinant 6HisCj1509 protein was purified (see section “Materials and Methods,” Supplementary Figure S4). A PCR-amplified CjoriC region was incubated with purified 6HisCj1509, and the complexes were resolved in a polyacrylamide gel (Figure 6A). The Cj1509 protein bound DNA in vitro and three nucleoprotein complexes were formed, suggesting either multiple Cj1509 binding sites or cooperative binding of Cj1509 with oriC. Therefore, we decided to precisely determine the sequences bound by Cj1509 at oriC by DMS footprinting. The pOC_IGR4 plasmid (Supplementary Table S1) was incubated with increasing amounts of 6HisCj1509 and methylated by DMS. Nucleotides protected by the Cj1509 protein were detected by subsequent PE using the C1 primer (Supplementary Table S2) complementary to the upstream region of the DUE (Figure 6B). The densitometric analysis revealed four G residues that were specifically protected by Cj1509 already at the lowest tested Cj1509 concentration (0,5 μM, Figure 6C); further increase in Cj1509 concentration did not greatly increase the protection. The DNA sequences in the vicinity of protected residues were assembled to generate a consensus sequence of the Cj1509 box 5′-WKTHWCA-3′ (Figure 6D), which is less stringent than that of the HP1021 box (5′-TGTTWCW-3′). To confirm binding of Cj1509 to each of the identified boxes gel shift assay was performed. Cj1509 was incubated with FAM-labeled probes representing each of the Cj1509 boxes and the complexes were resolved in a polyacrylamide gel (Supplementary Figure S8). The lower intensity of the complexes formed by Cj1509 with boxes 1 and 3 than that formed with the box 2 suggested that Cj1509 exhibits higher affinity toward the Cj1509 box 2 than toward boxes 1 or 3. Notably, the Cj1509 box 2 (5′-TGTTACA-3′) has the highest similarity (no mismatches) to the HP1021 box consensus sequence compared to Cj1509 box 1 (5′-TTTCACA-3′) or Cj1509 box 3 (5′-AGTATCA-3′) (each of which has two mismatches).
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FIGURE 6. Analysis of 6HisCj1509 protein binding to the IGR4 region and influence of 6His1509 on DUE unwinding. (A) EMSA analysis of nucleoprotein complex formation by 6His1509 and IGR4. FAM-labeled IGR4 (310 bps) was incubated with the indicated amounts of 6HisCj1509 protein. The reaction mixtures were separated by electrophoresis on a 4% polyacrylamide gel. (B) Identification of 6HisCj1509 binding sites by DMS footprinting. pOC_IGR4 was incubated with the indicated concentrations of the 6HisCj1509 protein, methylated with DMS and used as a template for PE reactions with the 32P-labeled C1 primer complementary to the lower strand. Protected guanosine residues (G) are indicated by arrows presented next to the gel image, while complementary cytosine residues (C) of the 6HisCj1509 binding sequence are denoted by red boxes. (C) Densitometric plot of the DMS analysis; vertical, dotted lines and symbols above the plot correspond to the protected G residues. (D) The consensus sequence bound by C. jejuni 1509 generated with WebLogo based on the identified 6HisCj1509 binding sites. (E) The influence of 6HisCj1509 on DUE unwinding by DnaA. The pOC_IGR4 plasmid was incubated with the indicated amounts of 6HisCj1509 and StrepCjDnaA proteins, treated with P1 nuclease and restriction digested with SspI. DNA fragments were analyzed by separation on a 1% agarose gel and ethidium bromide staining. A map of the pOC_IGR4 plasmid is presented in Figure 2. Fragments of DnaA-specific unwinding are indicated by red arrowheads next to the gel.



Two out of three Cj1509 boxes were located within sequences important for oriC activity: DnaA box 2 and DUE (Figure 7). The DnaA box 2 is probably important for assembly of a DnaA oligomer capable of DNA unwinding. Thus, overlapping DnaA and Cj1509 interaction sites suggested that these two proteins compete for binding to DNA. The 3′ DUE sequence is probably crucial for the formation of a complex between the DnaA filament and ssDNA. To analyze the influence of Cj1509 on DnaA-dependent DNA unwinding, we performed a P1 nuclease test. DnaA was incubated with pOC_4 plasmid, which led to significant unwinding at the DUE (Figure 6E). The addition of 6HisCj1509 at an equimolar or higher concentration than DnaA inhibited DUE unwinding, which indicated that the binding of Cj1509 to C. jejuni oriC inhibited DnaA-dependent DNA unwinding, as previously shown for HP1021 in H. pylori.
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FIGURE 7. Summary of the most characteristic features identified by DMS, P1 nuclease and minichromosome maintenance assay in C. jejuni oriC. The minimal sequence sufficient to support autonomous replication of the minichromosome is boxed. The discontinuity of the DNA sequence is marked by a double slash.



DISCUSSION

Correct timing and synchronization of chromosome replication with other processes are vital for bacterial fitness. Bacterial oriCs have been proposed to act as centralized information processors that receive and transmit information reflecting the current state of the bacterial cell (Marczynski et al., 2015). Thus, the identification of oriC and characterization of the mechanism of initiation of chromosome replication are crucial for studies on the bacterial cell cycle, as well as adaptation to the environment and host-pathogen interactions. In this work, we present the first data pinpointing the oriC of the C. jejuni chromosome and identifying possible regulators of replication initiation in this bacterium.

Three Modules of C. jejuni oriC

We found that C. jejuni oriC is composed of the three standard replication origin modules: DnaA-box cluster, DUE and OriBP binding site, all of which were located in the dnaA – dnaN locus (Figure 7). This localization of C. jejuni oriC is typical for many bacteria. Unlike other known Epsilonproteobacterial origins, which are most likely bipartite, we showed herein that C. jejuni oriC is probably monopartite because the single intergenic region between dnaA and dnaN, accompanied by 2 DnaA boxes at the 3′ end of dnaA, was sufficient to sustain self-replication of a minichromosome (see also below). In addition, the looped DNA structures typical for bipartite origins (Krause et al., 1997; Donczew et al., 2012; Jaworski et al., 2016) were not observed in EM upon C. jejuni orisome formation. The reason for the presence of a mono- or bipartite origin is unknown. It has been proposed that although the E. coli DnaA oligomer is assembled on a monopartite origin, it is structurally divided into sub-oligomers of different functions (DNA opening, DnaB loading) (Rozgaja et al., 2011; Ozaki et al., 2012; Shimizu et al., 2016). Thus, in bipartite origins, the DnaA sub-oligomers, which are additionally spatially divided, may provide another level of control during orisome formation.

There are at least 7 DnaA boxes within C. jejuni oriC that are bound by DnaA in vitro (see also Discussion below). They do not form any clear-cut oligomerization pattern, similar to oppositely oriented R1-I2 and C3-R4 DnaA box arrays in E. coli (Rozgaja et al., 2011; Ozaki et al., 2012; Shimizu et al., 2016). Rather, the boxes are grouped in three divergently oriented sub-arrays (DnaA boxes 1–2, 3–4–5, and 7–8), providing a scaffold for a DnaA oligomer of unknown composition and structure. Bacterial origins identified to date are highly variable in number, spacing and orientation of DnaA boxes, and there is still no general understanding of the DnaA filament assembly with respect to the array of DnaA boxes. Interestingly, DnaA boxes 6–7, which are located within the dnaA gene, were shown to sustain replication of C. jejuni oriC as minichromosome, while the cluster of five DnaA boxes of the intergenic region IGR4 was not. It has been shown previously that in Bdellovibrio bacteriovorus, in which oriC is also located in the dnaA-dnaN intergenic region, the two DnaA boxes in the 3′ region of dnaA are bound by DnaA in vitro; however, it is not known whether these boxes are required for the initiation of B. bacteriovorus chromosome replication (Makowski et al., 2016). It should be noted that DnaA boxes required to support oriC activity on a minichromosome or on a chromosome might be different (Bates et al., 1995; Weigel et al., 2001; Riber et al., 2009). Studies on E. coli oriC have shown that mutations of some boxes, including the DUE-distal R4 DnaA box corresponding to DUE distal C. jejuni DnaA boxes 6–7 (Figures 4, 7), are not tolerated on minichromosomes while they can be mutagenized on chromosomal oriC. However, such mutations, although tolerated, often trigger perturbations in the initiation of chromosome replication and bacterial fitness, and thus they are conditionally required (Bates et al., 1995; Stepankiw et al., 2009). Moreover, minichromosomes are often kept at low copy number, they are unstable and tend to integrate into chromosomes (Zakrzewska-Czerwińska and Schrempf, 1992; Duret et al., 1999; Weigel et al., 2001; Cordova et al., 2002; Lartigue et al., 2003). E. coli minichromosomes are exceptional when compared to minichromosomes of other species because they self-replicate at relatively high-copy number [(Løbner-Olesen et al., 1987; Løbner-Olesen and von Freiesleben, 1996) and references herein]. Thus further studies and detailed mutagenesis of DnaA boxes directly within C. jejuni chromosomal oriC are required to analyze the role and essentiality of DnaA binding sites for C. jejuni oriC activity upon initiation of chromosome replication in vivo.

Five DnaA boxes at C. jejuni oriC resemble the typical Epsilonproteobacterial DnaA box consensus sequence, in which a core sequence 5′-TTCAC-3′ (4–8 nt) is strictly conserved; the DnaA box 1 differs at the 8th position (C→A), while the DnaA box 6 differs at the 4th position (T→A). However, C. jejuni DnaA, unlike other Epsilonproteobacterial DnaAs, also recognizes DnaA boxes in which the thymine residue at the 5th position is substituted by another nucleotide (guanine in DnaA box 8 or adenine in DnaA box 12) (see also below).

The DUE (ca. 35 bps, 19% GC) is preceded by twin DnaA boxes 1–2, which overlap by 1 bp. The boxes are followed by ca. 5 bps that probably remains double-stranded upon DUE unwinding. The GC-rich sequence between DnaA boxes and the DUE, which occurs in some origins (Richardson et al., 2016), was not present in C. jejuni. Similarly, the DnaA trio consensus motif, which was previously reported to be important for ssDNA binding by DnaA upon DNA unwinding (Richardson et al., 2016), was detected in C. jejuni oriC, however, its sequence was degenerated when compared to the consensus 5′-TAG-3′ sequence. It should be noted that the DnaA trio motif is very short, and it is difficult to predict the mismatches that preclude its activity. In addition, it is not known why these motifs are conserved in many but not in all bacterial origins and how ssDNA is bound by bacteria that lack the obvious DnaA-trio motif (e.g., E. coli).

We also identified OriBP binding sites, i.e., sequences that are bound by the orphan response regulator Cj1509. There are two experimentally determined Cj1509 binding sites at CjoriC, Cj1509 boxes 1 and 2; the Cj1509 box 3 is located within the dnaN gene (Figure 7). However, the sequence of Cj1509 box 1 (5′-TTTCACA-3′) was found at three other locations in oriC (Figure 7). The position of Cj1509 boxes did not seem to be distributed randomly because they overlap with the DnaA boxes (2 and possibly 3, 4, and 7) and the DUE. By competition with the binding sites, Cj1509 potentially interfered with DnaA-oriC interactions and precluded DNA unwinding (Figure 6B). A similar mechanism was observed in H. pylori, in which HP1021, a homolog of Cj1509, bound to DnaA boxes and the DUE, leading to the inhibition of DUE unwinding. Thus, HP1021 has been proposed to act as a repressor of chromosome replication (Donczew et al., 2015). A similar mechanism of inhibition has been previously proposed for E. coli and M. tuberculosis. It is postulated that under anaerobic conditions, E. coli ArcA∼P binds to the AT-rich region of oriC and inhibits DNA unwinding (Hwang and Kornberg, 1992b; Lee et al., 2001). M. tuberculosis MtrA∼P binds to oriC and also the promoter of dnaA and inhibits the initiation of M. tuberculosis chromosome replication (Fol et al., 2006; Purushotham et al., 2015). The signal that triggers MtrA phosphorylation is still unknown, but it is linked to the infection of macrophages (Fol et al., 2006). Thus, E. coli and M. tuberculosis proteins control chromosome replication and cell cycle progression in response to environmental conditions, including the stage of host infection. By analogy, Cj1509 and HP1021 might be activated by external stimuli, and these factors might regulate the initiation of chromosome replication in response to host–pathogen interactions. No changes in the level of Cj1509 expression were observed upon infection (de Vries et al., 2017). However, it is likely that, similarly to HP1021 (Müller et al., 2007), post-translational modification of Cj1509 rather than a change in expression level is important for Cj1509 function. Therefore, further studies are required to identify the mechanism of Cj1509 activation and signal transduction.

The Roles of DnaA Boxes and Cj1509 Binding Sequences Beyond the Initiation of Chromosome Replication

DnaA boxes are also found outside oriC, which suggests that DnaA plays a role in processes other than initiation complex formation and DNA unwinding. The C. jejuni 5′-NHHWDCAMH-3′ DnaA box consensus sequence derived from 13 experimentally determined DnaA binding sites is relatively relaxed when compared to other Epsilonproteobacterial or E. coli DnaA boxes (Jaworski et al., 2016), including the 5th position of the DnaA box previously shown to be strictly conserved in Epsilonproteobacteria (Jaworski et al., 2016). Hence, C. jejuni DnaA is exceptional among the Epsilonproteobacteria studied to date. However, the C. jejuni DnaA amino acid sequence of the DNA binding helix-turn-helix motif within domain IV is highly similar to that of other Epsilonproteobacteria (Supplementary Figure S9) (Fujikawa et al., 2003; Tsodikov and Biswas, 2011; Jaworski et al., 2016). It should be noted that our studies did not allow to distinguish between low- and high-affinity DnaA binding sites, which differ in nucleotide sequence. For example, E. coli low affinity I-DnaA binding sites usually differ by 3–4 bases from high affinity R-type DnaA boxes (McGarry et al., 2004) while 6-mer τ DnaA binding sites are shorter than 9-mer R-type DnaA boxes (Kawakami et al., 2005). Thus, herein determined C. jejuni DnaA box consensus sequence may be relaxed because it includes high- and low- affinity DnaA binding sites. On the other hand, B. bacteriovorus DnaA box sequence was shown to be conserved within seven nucleotides, while the two nucleotides at the 5′ sequence of DnaA box were not conserved (Makowski et al., 2016). Therefore it is possible that some bacterial DnaAs specifically recognize sequences shorter than typical 9-mer DnaA box sequences. Thus, further studies are required to explain the loose C. jejuni DnaA specificity for DnaA consensus sequences.

Twenty DnaA boxes were predicted in silico in the vicinity of C. jejuni oriC (IGR2-ruvC-IGR3-dnaA). The binding of DnaA to the oriC proximal region was also observed by electron microscopy, and we confirmed the binding of CjDnaA to four randomly chosen DnaA boxes by DMS footprinting (DnaA boxes 9–11 in dnaA and 13 in IGR2); additionally we identified 2 DnaA boxes that were not predicted (DnaA box 8 in dnaA and 12 in IGR2) (Supplementary Figure S6). DnaA boxes 12 and 13 were separated by 104 bps, which likely excluded cooperativity in DnaA-DNA interactions and indicated that C. jejuni DnaA could efficiently recognize single DnaA boxes. There are numerous putative DnaA boxes on the C. jejuni 81116 chromosome. For example, there are 2659 DnaA boxes that follow the stringent C. jejuni DnaA box consensus sequence 5′-WWHWTCACW-3′ (Mrázek and Xie, 2006). Excluding the oriC region, the DnaA boxes were evenly distributed along the chromosome. The role of DnaA boxes scattered along the chromosome is not known. As observed by EM, DnaA bound to oriC and proximal DnaA boxes formed a large nucleoprotein complex that might affect the activity of the initiation complex. Thus, the oriC proximal DnaA boxes (Figures 4, 5) might play a regulatory function in the control of C. jejuni chromosome replication. The genome-wide scattered boxes located in the intergenic regions (100 DnaA boxes, 3.7% of all the boxes) might contribute to regulation of gene expression, similarly to E. coli or B. subtilis (Messer and Weigel, 2003; Washington et al., 2017). C. jejuni DnaA was shown to organize DNA into higher order structures such as loops and wraps (Figure 5). Thus, we speculate that DnaA participates in the global control of the nucleoid structure, especially since C. jejuni chromosome lacks many nucleoid associated proteins such as H-NS, IHF, and Fis (Shortt et al., 2016), which help to maintain the chromosome structure in other bacteria (Browning et al., 2010; Badrinarayanan et al., 2015; Dame and Tark-Dame, 2016). However, further experimental studies are required to determine the actual DnaA binding sites in the C. jejuni chromosome, especially since in silico predictions of DnaA boxes often overestimate the number of actual DnaA binding sites. Moreover, binding of DnaA to DNA might differ in vivo and in vitro (Smith and Grossman, 2015).

The actual binding sites of Cj1509 on the C. jejuni chromosome are difficult to predict because the Cj1509 consensus 5′-WKTWWCA-3′ sequence is too relaxed to provide reliable data for in silico analysis. Preliminary results suggested that Cj1509 exhibits the highest affinity toward Cj1509 box 2 (5′-TGTTACA-3′). However, further studies are required to better characterize Cj1509 affinity to individual Cj1509 boxes and, since there are multiple Cj1509 binding sites at C. jejuni oriC, to determine whether Cj1509-DNA interactions might exhibit cooperativity. Nonetheless, Cj1509 could control the expression of selected C. jejuni genes in response to unknown stimuli; however, Cj1509 has been reported to be non-essential in some strains (de Vries et al., 2017). Moreover, in different laboratories, Cj1509 has been shown to be an essential and non-essential gene in the same strain, e.g., C. jejuni 11168 (Metris et al., 2011; de Vries et al., 2017; Mandal et al., 2017). Thus, it is possible that strain-specific genome content and growth conditions determine the actual role of Cj1509 in C. jejuni physiology.

In summary, we identified and characterized the probable oriC region of C. jejuni. We anticipate that these studies will initiate further research on the structure and dynamics of the C. jejuni chromosome, which in turn will facilitate studies on the C. jejuni life cycle in the context of its biology and pathogenicity. The results are also important for further comparative investigations of the initiation of chromosome replication and other cellular processes throughout the whole class of Epsilonproteobacteria, which include established and emerging pathogens associated with gastrointestinal diseases and/or reproductive disorders in animals, as well as non-pathogenic symbiotic or free-living species (Eppinger et al., 2004; Gupta, 2006; Nakagawa and Takaki, 2009; Waite et al., 2017). Such diverse life styles of Epsilonproteobacteria might be reflected by the diversity of the initiation or regulatory factors involved in the initiation of chromosome replication of species inhabiting various ecological niches.

AUTHOR CONTRIBUTIONS

AZ-P, PJ, RD, and KS conceived and designed the experiments. AZ-P and PJ performed the experiments. CW prepared in silico data. TM provided EM facility. PJ and AZ-P analyzed the data and wrote the paper.

FUNDING

This research was supported by the Foundation for Polish Science as part of the PARENT/BRIDGE program (POMOST/2012-6/9) co-financed by the European Regional Development Fund under the Operational Program Innovative Economy and by statutory funds of the Hirszfeld Institute of Immunology and Experimental Therapy, PAS. Publication supported by Wroclaw Centre of Biotechnology, program The Leading National Research Centre (KNOW) for years 2014–2018.

ACKNOWLEDGMENTS

We thank Arnoud van Vliet for C. jejuni 81116, Martyna Bezulska and Dorota Zyla-Uklejewicz for technical assistance.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2018.01533/full#supplementary-material

REFERENCES

Badrinarayanan, A., Le, T. B. K., and Laub, M. T. (2015). Bacterial chromosome organization and segregation. Annu. Rev. Cell Dev. Biol. 31, 171–199. doi: 10.1146/annurev-cellbio-100814-125211

Bates, D. B., Asai, T., Cao, Y., Chambers, M. W., Cadwell, G. W., Boye, E., et al. (1995). The DnaA box R4 in the minimal oriC is dispensable for initiation of Escherichia coli chromosome replication. Nucleic Acids Res. 23, 3119–3125.

Bawono, P., and Heringa, J. (2014). PRALINE: a versatile multiple sequence alignment toolkit. Methods Mol. Biol. 1079, 245–262. doi: 10.1007/978-1-62703-646-7_16

Briggs, G. S., Smits, W. K., and Soultanas, P. (2012). Chromosomal replication initiation machinery of low-g + c-content firmicutes. J. Bacteriol. 194,5162–5170. doi: 10.1128/JB.00865-12

Browning, D. F., Grainger, D. C., and Busby, S. J. (2010). Effects of nucleoid-associated proteins on bacterial chromosome structure and gene expression. Curr. Opin. Microbiol. 13, 773–780. doi: 10.1016/j.mib.2010.09.013

Cassler, M. R., Grimwade, J. E., and Leonard, A. C. (1995). Cell cycle-specific changes in nucleoprotein complexes at a chromosomal replication origin. EMBO J. 14, 5833–5841.

Castilla-Llorente, V., Muñoz-Espín, D., Villar, L., Salas, M., and Meijer, W. J. J. (2006). Spo0A, the key transcriptional regulator for entrance into sporulation, is an inhibitor of DNA replication. EMBO J. 25, 3890–3899. doi: 10.1038/sj.emboj.7601266

Cordova, C. M. M., Lartigue, C., Sirand-Pugnet, P., Renaudin, J., Cunha, R. A. F., and Blanchard, A. (2002). Identification of the origin of replication of the Mycoplasma pulmonis chromosome and its use in oriC replicative plasmids. J. Bacteriol. 184, 5426–5435.

Cróinín, T., and Backert, S. (2012). Host epithelial cell invasion by Campylobacter jejuni: trigger or zipper mechanism? Front. Cell. Infect. Microbiol. 2:25. doi: 10.3389/fcimb.2012.00025

Crooks, G. E., Hon, G., Chandonia, J.-M., and Brenner, S. E. (2004). WebLogo: a sequence logo generator. Genome Res. 14, 1188–1190. doi: 10.1101/gr.849004

Dame, R. T., and Tark-Dame, M. (2016). Bacterial chromatin: converging views at different scales. Curr. Opin. Cell Biol. 40, 60–65. doi: 10.1016/j.ceb.2016.02.015

Dasgupta, S., and Løbner-Olesen, A. (2004). Host controlled plasmid replication: Escherichia coli minichromosomes. Plasmid 52, 151–168. doi: 10.1016/j.plasmid.2004.08.001

de Vries, S. P., Gupta, S., Baig, A., Wright, E., Wedley, A., Jensen, A. N., et al. (2017). Genome-wide fitness analyses of the foodborne pathogen Campylobacter jejuni in in vitro and in vivo models. Sci. Rep. 7:1251. doi: 10.1038/s41598-017-01133-4

Donczew, R., Makowski,Ł., Jaworski, P., Bezulska, M., Nowaczyk, M., Zakrzewska-Czerwińska, J., et al. (2015). The atypical response regulator HP1021 controls formation of the Helicobacter pylori replication initiation complex. Mol. Microbiol. 95, 297–312. doi: 10.1111/mmi.12866

Donczew, R., Mielke, T., Jaworski, P., Zakrzewska-Czerwińska, J., and Zawilak-Pawlik, A. (2014). Assembly of Helicobacter pylori initiation complex is determined by sequence-specific and topology-sensitive DnaA-oriC interactions. J. Mol. Biol. 426, 2769–2782. doi: 10.1016/j.jmb.2014.05.018

Donczew, R., Weigel, C., Lurz, R., Zakrzewska-Czerwińska, J., and Zawilak-Pawlik, A. (2012). Helicobacter pylori oriC —the first bipartite origin of chromosome replication in Gram-negative bacteria. Nucleic Acids Res. 40, 9647–9660. doi: 10.1093/nar/gks742

Duderstadt, K. E., and Berger, J. M. (2013). A structural framework for replication origin opening by AAA+ initiation factors. Curr. Opin. Struct. Biol. 23,144–153. doi: 10.1016/j.sbi.2012.11.012

Duret, S., Danet, J. L., Garnier, M., and Renaudin, J. (1999). Gene disruption through homologous recombination in Spiroplasma citri: an scm1-disrupted motility mutant is pathogenic. J. Bacteriol. 181, 7449–7456.

Eppinger, M., Baar, C., Raddatz, G., Huson, D. H., and Schuster, S. C. (2004). Comparative analysis of four Campylobacterales. Nat. Rev. Microbiol. 2,872–885. doi: 10.1038/nrmicro1024

Fol, M., Chauhan, A., Nair, N. K., Maloney, E., Moomey, M., Jagannath, C., et al. (2006). Modulation of Mycobacterium tuberculosis proliferation by MtrA, an essential two-component response regulator. Mol. Microbiol. 60, 643–657. doi: 10.1111/j.1365-2958.2006.05137.x

Fujikawa, N., Kurumizaka, H., Nureki, O., Terada, T., Shirouzu, M., Katayama, T., et al. (2003). Structural basis of replication origin recognition by the DnaA protein. Nucleic Acids Res. 31, 2077–2086.

Gao, F., Luo, H., and Zhang, C.-T. (2013). DoriC 5.0: an updated database of oriC regions in both bacterial and archaeal genomes. Nucleic Acids Res. 41, D90–D93. doi: 10.1093/nar/gks990

Gupta, R. S. (2006). Molecular signatures (unique proteins and conserved indels) that are specific for the epsilon proteobacteria (Campylobacterales). BMC Genomics 7:167. doi: 10.1186/1471-2164-7-167

Hansen, F. G., Christensen, B. B., and Atlung, T. (2007). Sequence characteristics required for cooperative binding and efficient in vivo titration of the replication initiator protein DnaA in E. coli. J. Mol. Biol. 367, 942–952. doi: 10.1016/j.jmb.2007.01.056

Hwang, D. S., and Kornberg, A. (1992a). Opening of the replication origin of Escherichia coli by DnaA protein with protein HU or IHF. J. Biol. Chem. 267, 23083–23086.

Hwang, D. S., and Kornberg, A. (1992b). Opposed actions of regulatory proteins, DnaA and IciA, in opening the replication origin of Escherichia coli. J. Biol. Chem. 267, 23087–23091.

Jaworski, P., Donczew, R., Mielke, T., Thiel, M., Oldziej, S., Weigel, C., et al. (2016). Unique and universal features of Epsilonproteobacterial origins of chromosome replication and DnaA-DnaA box interactions. Evol. Genomic Microbiol. 7:1555. doi: 10.3389/fmicb.2016.01555

Jullien, N., and Herman, J.-P. (2011). LUEGO: a cost and time saving gel shift procedure. Biotechniques 51, 267–269. doi: 10.2144/000113751

Kaakoush, N. O., Castaño-Rodríguez, N., Mitchell, H. M., and Man, S. M. (2015). Global epidemiology of Campylobacter infection. Clin. Microbiol. Rev. 28, 687–720. doi: 10.1128/CMR.00006-15

Katayama, T., Kasho, K., and Kawakami, H. (2017). The DnaA cycle in Escherichia coli: activation, function and inactivation of the initiator protein. Front. Microbiol. 8:2496. doi: 10.3389/fmicb.2017.02496

Kawakami, H., Keyamura, K., and Katayama, T. (2005). Formation of an ATP-DnaA-specific initiation complex requires DnaA Arginine 285, a conserved motif in the AAA+ protein family. J. Biol. Chem. 280, 27420–27430. doi: 10.1074/jbc.M502764200

Keyamura, K., Fujikawa, N., Ishida, T., Ozaki, S., Su’etsugu, M., Fujimitsu, K., et al. (2007). The interaction of DiaA and DnaA regulates the replication cycle in E. coli by directly promoting ATP DnaA-specific initiation complexes. Genes Dev. 21, 2083–2099. doi: 10.1101/gad.1561207

Kowalski, D., and Eddy, M. J. (1989). The DNA unwinding element: a novel, cis-acting component that facilitates opening of the Escherichia coli replication origin. EMBO J. 8, 4335–4344.

Kowalski, D., Natale, D. A., and Eddy, M. J. (1988). Stable DNA unwinding, not “breathing,” accounts for single-strand-specific nuclease hypersensitivity of specific A+T-rich sequences. Proc. Natl. Acad. Sci. U.S.A. 85, 9464–9468.

Krause, M., Rückert, B., Lurz, R., and Messer, W. (1997). Complexes at the replication origin of Bacillus subtilis with homologous and heterologous DnaA protein. J. Mol. Biol. 274, 365–380. doi: 10.1006/jmbi.1997.1404

Lartigue, C., Blanchard, A., Renaudin, J., Thiaucourt, F., and Sirand-Pugnet, P. (2003). Host specificity of mollicutes oriC plasmids: functional analysis of replication origin. Nucleic Acids Res. 31, 6610–6618.

Lee, Y. S., Han, J. S., Jeon, Y., and Hwang, D. S. (2001). The arc two-component signal transduction system inhibits in vitro Escherichia coli chromosomal initiation. J. Biol. Chem. 276, 9917–9923. doi: 10.1074/jbc.M008629200

Leonard, A. C., and Grimwade, J. E. (2011). Regulation of DnaA assembly and activity: taking directions from the genome. Annu. Rev. Microbiol. 65, 19–35. doi: 10.1146/annurev-micro-090110-102934

Leonard, A. C., and Grimwade, J. E. (2015). The orisome: structure and function. Front. Microbiol. 6:545. doi: 10.3389/fmicb.2015.00545

Løbner-Olesen, A., Atlung, T., and Rasmussen, K. V. (1987). Stability and replication control of Escherichia coli minichromosomes. J. Bacteriol. 169, 2835–2842.

Løbner-Olesen, A., and von Freiesleben, U. (1996). Chromosomal replication incompatibility in Dam methyltransferase deficient Escherichia coli cells. EMBO J. 15, 5999–6008.

 Makowski,Ł., Donczew, R., Weigel, C., Zawilak-Pawlik, A., and Zakrzewska-Czerwińska, J. (2016). Initiation of chromosomal replication in predatory bacterium Bdellovibrio bacteriovorus. Front. Microbiol. 7:1898. doi: 10.3389/fmicb.2016.01898

Mandal, R. K., Jiang, T., and Kwon, Y. M. (2017). Essential genome of Campylobacter jejuni. BMC Genomics 18:616. doi: 10.1186/s12864-017-4032-8

Marczynski, G. T., Rolain, T., and Taylor, J. A. (2015). Redefining bacterial origins of replication as centralized information processors. Front. Microbiol. 6:610. doi: 10.3389/fmicb.2015.00610

McGarry, K. C., Ryan, V. T., Grimwade, J. E., and Leonard, A. C. (2004). Two discriminatory binding sites in the Escherichia coli replication origin are required for DNA strand opening by initiator DnaA-ATP. Proc. Natl. Acad. Sci. U.S.A. 101, 2811–2816. doi: 10.1073/pnas.0400340101

Messer, W., and Weigel, C. (2003). DnaA as a transcription regulator. Methods Enzymol. 370, 338–349.

Metris, A., Reuter, M., Gaskin, D. J., Baranyi, J., and van Vliet, A. H. (2011). In vivo and in silico determination of essential genes of Campylobacter jejuni. BMC Genomics 12:535. doi: 10.1186/1471-2164-12-535

Moriya, S., Atlung, T., Hansen, F. G., Yoshikawa, H., and Ogasawara, N. (1992). Cloning of an autonomously replicating sequence (ars) from the Bacillus subtilis chromosome. Mol. Microbiol. 6, 309–315.

Mrázek, J., and Xie, S. (2006). Pattern locator: a new tool for finding local sequence patterns in genomic DNA sequences. Bioinformatics 22, 3099–3100. doi: 10.1093/bioinformatics/btl551

Müller, S., Pflock, M., Schär, J., Kennard, S., and Beier, D. (2007). Regulation of expression of atypical orphan response regulators of Helicobacter pylori. Microbiol. Res. 162, 1–14. doi: 10.1016/j.micres.2006.01.003

Murphy, C., Carroll, C., and Jordan, K. N. (2006). Environmental survival mechanisms of the foodborne pathogen Campylobacter jejuni. J. Appl. Microbiol. 100, 623–632. doi: 10.1111/j.1365-2672.2006.02903.x

Nakagawa, S., and Takaki, Y. (2009). “Nonpathogenic Epsilonproteobacteria,” in Encyclopedia of Life Sciences (Chichester: John Wiley & Sons, Ltd.). Available at: https://onlinelibrary.wiley.com/

Natrajan, G., Hall, D. R., Thompson, A. C., Gutsche, I., and Terradot, L. (2007). Structural similarity between the DnaA-binding proteins HobA (HP1230) from Helicobacter pylori and DiaA from Escherichia coli. Mol. Microbiol. 65, 995–1005. doi: 10.1111/j.1365-2958.2007.05843.x

Ozaki, S., and Katayama, T. (2012). Highly organized DnaA-oriC complexes recruit the single-stranded DNA for replication initiation. Nucleic Acids Res. 40, 1648–1665. doi: 10.1093/nar/gkr832

Ozaki, S., Noguchi, Y., Hayashi, Y., Miyazaki, E., and Katayama, T. (2012). Differentiation of the DnaA-oriC subcomplex for DNA unwinding in a replication initiation complex. J. Biol. Chem. 287, 37458–37471. doi: 10.1074/jbc.M112.372052

Parkhill, J., Wren, B. W., Mungall, K., Ketley, J. M., Churcher, C., Basham, D., et al. (2000). The genome sequence of the food-borne pathogen Campylobacter jejuni reveals hypervariable sequences. Nature 403, 665–668. doi: 10.1038/35001088

Purushotham, G., Sarva, K. B., Blaszczyk, E., Rajagopalan, M., and Madiraju, M. V. (2015). Mycobacterium tuberculosis oriC sequestration by MtrA response regulator. Mol. Microbiol. 98, 586–604. doi: 10.1111/mmi.13144

Rajewska, M., Wegrzyn, K., and Konieczny, I. (2012). AT-rich region and repeated sequences - the essential elements of replication origins of bacterial replicons. FEMS Microbiol. Rev. 36, 408–434. doi: 10.1111/j.1574-6976.2011.00300.x

Riber, L., Fujimitsu, K., Katayama, T., and Løbner-Olesen, A. (2009). Loss of Hda activity stimulates replication initiation from I-box, but not R4 mutant origins in Escherichia coli. Mol. Microbiol. 71, 107–122. doi: 10.1111/j.1365-2958.2008.06516.x

Richardson, T. T., Harran, O., and Murray, H. (2016). The bacterial DnaA-trio replication origin element specifies single-stranded DNA initiator binding. Nature 534, 412–416. doi: 10.1038/nature17962

Rozgaja, T. A., Grimwade, J. E., Iqbal, M., Czerwonka, C., Vora, M., and Leonard, A. C. (2011). Two oppositely oriented arrays of low-affinity recognition sites in oriC guide progressive binding of DnaA during Escherichia coli pre-RC assembly. Mol. Microbiol. 82, 475–488. doi: 10.1111/j.1365-2958.2011.07827.x

Sakiyama, Y., Kasho, K., Noguchi, Y., Kawakami, H., and Katayama, T. (2017). Regulatory dynamics in the ternary DnaA complex for initiation of chromosomal replication in Escherichia coli. Nucleic Acids Res. 45,12354–12373. doi: 10.1093/nar/gkx914

Sambrook, J., and Russell, D. W. (2001). Molecular Cloning: A Laboratory Manual. Cold Spring Harbor, NY: Cold Spring Harbor Laboratory Press.

Sasse-Dwight, S., and Gralla, J. D. (1991). Footprinting protein-DNA complexes in vivo. Methods Enzymol. 208, 146–168.

Schaper, S., and Messer, W. (1995). Interaction of the initiator protein DnaA of Escherichia coli with its DNA target. J. Biol. Chem. 270, 17622–17626.

Schär, J., Sickmann, A., and Beier, D. (2005). Phosphorylation-independent activity of atypical response regulators of Helicobacter pylori. J. Bacteriol. 187,3100–3109. doi: 10.1128/JB.187.9.3100-3109.2005

Schneider, C. A., Rasband, W. S., and Eliceiri, K. W. (2012). NIH Image to ImageJ: 25 years of image analysis. Nat. Methods 9, 671–675.

Schneider, T. D., and Stephens, R. M. (1990). Sequence logos: a new way to display consensus sequences. Nucleic Acids Res. 18, 6097–6100.

Sekimizu, K., Bramhill, D., and Kornberg, A. (1987). ATP activates dnaA protein in initiating replication of plasmids bearing the origin of the E. coli chromosome. Cell 50, 259–265.

Shaw, P. E., and Stewart, A. F. (2009). Identification of protein/DNA contacts with dimethyl sulfate: methylation protection and methylation interference. Methods Mol. Biol. 543, 97–104. doi: 10.1007/978-1-60327-015-1_8

Shimizu, M., Noguchi, Y., Sakiyama, Y., Kawakami, H., Katayama, T., and Takada, S. (2016). Near-atomic structural model for bacterial DNA replication initiation complex and its functional insights. Proc. Natl. Acad. Sci. U.S.A. 113, E8021–E8030. doi: 10.1073/pnas.1609649113

Shortt, C., Scanlan, E., Hilliard, A., Cotroneo, C. E., Bourke, B., and Ó Cróinín, T. (2016). DNA supercoiling regulates the motility of Campylobacter jejuni and is altered by growth in the presence of chicken mucus. mBio 7:e01227-16. doi: 10.1128/mBio.01227-16

Smith, J. L., and Grossman, A. D. (2015). In Vitro whole genome DNA binding analysis of the bacterial replication initiator and transcription factor DnaA. PLoS Genet. 11:e1005258. doi: 10.1371/journal.pgen.1005258

Spiess, E., and Lurz, R. (1988). 13 Electron Microscopic Analysis of Nucleic Acids and Nucleic Acid-Protein Complexes. Cambridge, MA: Academic Press,293–323.

Stepankiw, N., Kaidow, A., Boye, E., and Bates, D. (2009). The right half of the Escherichia coli replication origin is not essential for viability, but facilitates multi-forked replication. Mol. Microbiol. 74, 467–479. doi: 10.1111/j.1365-2958.2009.06877.x

Taylor, J. A., Ouimet, M.-C., Wargachuk, R., and Marczynski, G. T. (2011). The Caulobacter crescentus chromosome replication origin evolved two classes of weak DnaA binding sites. Mol. Microbiol. 82, 312–326. doi: 10.1111/j.1365-2958.2011.07785.x

Tsodikov, O. V., and Biswas, T. (2011). Structural and thermodynamic signatures of DNA recognition by Mycobacterium tuberculosis DnaA. J. Mol. Biol. 410, 461–476. doi: 10.1016/j.jmb.2011.05.007

Van Vliet, A. H. M., Wood, A. C., Wooldridge, K., Ketley, J. M., and Henderson, J. (1998). “7.7 genetic manipulation of enteric Campylobacter Species,” in Methods in Microbiology Bacterial Pathogenesis, eds P. Williams, J. Ketley, and G. Salmond (Cambridge, MA: Academic Press), 407–419. doi: 10.1016/S0580-9517(08)70301-5

Waite, D. W., Vanwonterghem, I., Rinke, C., Parks, D. H., Zhang, Y., Takai, K., et al. (2017). Comparative genomic analysis of the class Epsilonproteobacteria and proposed reclassification to epsilonbacteraeota (phyl. nov.). Front. Microbiol. 8:682. doi: 10.3389/fmicb.2017.00682

Waldminghaus, T., and Skarstad, K. (2009). The Escherichia coli SeqA protein. Plasmid 61, 141–150. doi: 10.1016/j.plasmid.2009.02.004

Washington, T. A., Smith, J. L., and Grossman, A. D. (2017). Genetic networks controlled by the bacterial replication initiator and transcription factor DnaA in Bacillus subtilis. Mol. Microbiol. 106, 109–128. doi: 10.1111/mmi.13755

Weigel, C., Messer, W., Preiss, S., Welzeck, M., Morigen, and Boye, E. (2001). The sequence requirements for a functional Escherichia coli replication origin are different for the chromosome and a minichromosome. Mol. Microbiol. 40, 498–507.

Wolański, M., Donczew, R., Zawilak-Pawlik, A., and Zakrzewska-Czerwińska, J. (2014). oriC-encoded instructions for the initiation of bacterial chromosome replication. Front. Microbiol. 5:735. doi: 10.3389/fmicb.2014.00735

Yao, R., Alm, R. A., Trust, T. J., and Guerry, P. (1993). Construction of new Campylobacter cloning vectors and a new mutational cat cassette. Gene 130, 127–130.

Yasuda, S., and Hirota, Y. (1977). Cloning and mapping of the replication origin of Escherichia coli. Proc. Natl. Acad. Sci. U.S.A. 74, 5458–5462.

Zakrzewska-Czerwińska, J., Majka, J., and Schrempf, H. (1995). Minimal requirements of the Streptomyces lividans 66 oriC region and its transcriptional and translational activities. J. Bacteriol. 177, 4765–4771.

Zakrzewska-Czerwińska, J., and Schrempf, H. (1992). Characterization of an autonomously replicating region from the Streptomyces lividans chromosome. J. Bacteriol. 174, 2688–2693.

Zawilak-Pawlik, A., Donczew, R., Szafrański, S., Mackiewicz, P., Terradot, L., and Zakrzewska-Czerwińska, J. (2011). DiaA/HobA and DnaA: a pair of proteins co-evolved to cooperate during bacterial orisome assembly. J. Mol. Biol. 408, 238–251. doi: 10.1016/j.jmb.2011.02.045

Zawilak-Pawlik, A., Kois, A., Stingl, K., Boneca, I. G., Skrobuk, P., Piotr, J., et al. (2007). HobA–a novel protein involved in initiation of chromosomal replication in Helicobacter pylori. Mol. Microbiol. 65, 979–994. doi: 10.1111/j.1365-2958.2007.05853.x

Zawilak-Pawlik, A., Nowaczyk, M., and Zakrzewska-Czerwińska, J. (2017). The role of the N-terminal domains of bacterial initiator DnaA in the assembly and regulation of the bacterial replication initiation complex. Genes 8:136. doi: 10.3390/genes8050136

Zawilak-Pawlik, A. M., Kois, A., and Zakrzewska-Czerwinska, J. (2006). A simplified method for purification of recombinant soluble DnaA proteins. Protein Expr. Purif. 48, 126–133. doi: 10.1016/j.pep.2006.01.010

Zeng, X., Ardeshna, D., and Lin, J. (2015). Heat shock-enhanced conjugation efficiency in standard Campylobacter jejuni strains. Appl. Environ. Microbiol. 81, 4546–4552. doi: 10.1128/AEM.00346-15

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2018 Jaworski, Donczew, Mielke, Weigel, Stingl and Zawilak-Pawlik. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/cross.jpg
3,

i





OPS/images/fmicb-09-01533-g006.jpg
A

6HisCj1509 [nM] O

FAM-IGR4

E

StrepDnaA [uM]
6HisCj1509 [uM]

3

0

0

6

0.2

12 25 50 100200 400

0.8
0.4

0.8
0.8

soxa|dwod
vN@-utejoud

<+—free DNA

B (o3
— 6HisCj1509 G2 2 &
oo‘—NACg [uM] M ﬂ \ ’j
oA I Pt
G2~ L o U b i
& L LT R
=T CIR AR
T -
® |G
A

H
'

e

'
19
" e
4@44>i§
box 2

box 1

-—-4Q>a>

’ D





OPS/images/fmicb-09-01533-g007.jpg
flge 13
CTTAAATCCTTTATAAAATATTGCTTTAAAAAATTTAACGCTTTGGCTTTAAAAAACTTTTGCGTTT_TACAAGC

AAGTTCTGTTCCAACTTTTGAAATTTTTTATGAATTTTTTAAAAATTTATAGAAAAAATTTARAGGTATTTTAGGAGTTTATGAAGCTTTGG
1065 bps

dnaA

574 bps

5 4 3
A Gl oo

Q
S dnaN
Cj1509 box1 CJ1 509 box2
Cj1509 box3
DnaA boxes Cj1509 boxes [ genes (fragments)
B in silico predicted and detected by DMS I experimentally determined " DUE

. not predicted in silico but detected by DMS [ identified by sequence homology
— degenerated DnaA-trio





OPS/images/fmicb-09-01533-g004.jpg
ACGT < 00w© DnaA KR < DnaA A < ®w© DnaA
ocoOo— M oo o~ M [uM]
A m [uM] [uM] & '3
A A
A i
2 ‘% ol -
T
$ <A
A
$ A -
LAl
ﬁg A.J_ ll
- = N T e
A -«8% A -
c - [s] b 4
T ) - 4 52
T x @ -
T ’ 3T o.BREE
A ’ - T . -— e
o T
g , T ‘:: A -! i'
A - IT| | -
J ; B e clw Sk
Tcr): .z' o
8% JRess
ra —-——
- e
8" 28
E <o DnaA = ." F D
et~ <@o DnaA
= ACClocoo [uM] ? - - -3 ACGTocoxw [uM]
= e = sZ="8
.‘ F1 LT T | L 5 Y-
A - uap ¢ 1 se Sses
0| Sw. -G2 idbid =‘-l ;-
é ,.-. s . a8 .:
é = ’ -» —G2
e '“ -2 Br| SESSERRS -
4 ‘ s-a88i:
'I‘!ii e T
- =
By - oo
] L
P .' L
G IGR2 ruvC IGR3 dnaA IGR4
C. jejuni (- MDA
1312 11 8 7 1
oriC
mioC gidA
E-coi — ) EED{Y) I
o / S\
b vy

box11

box10
Pa—o—H4-H40>03> H>>>—0>a3>

box9

box8

<o DnaA

ACGTooo«— [uM]

H

Box Sequence
1 AATTTCAAC
2 AATTTCACA
3 TTTTTCACA
4 TTTTTCACA
5 CCTTTCACT
6 AAAATCACA
7 TATTTCACA
8 AACTGCACA
9 AACATCACA
10 ATTTTCACT
il TAAATCACT
12 TATTACACA
18 GACTTCACA

ALTTCACA





OPS/images/cover.jpg
, frontiers
in Microbiology

Structure and Function of
the Campylobacter jejuni
Chromosome Replication Origin





OPS/images/fmicb-09-01533-g005.jpg
O E AT R R SRR
S i " .-Q%

S,

determination of DnaA binding

precise imprecise precise
< >« > < >
120
100
80
60
40
20
v sl sttt |
4400 4000 3600 3200 2800 2400 2000 1600 1200 800 400 0
IGR2 IGR3 IGR4
| L —— Scal
Sca ruvC dnaA _oriC ca

number of
complexes

o

bps






OPS/images/fmicb-09-01533-g002.jpg
A 3
. I
E.coliTOP10 O
1 2 3 4 5
bps
5000_;_“—-———_—-—
1500—i_—'-
500 w=m ~~| «318bps
B Pstl Not digested c Not digested
© © ©
(o] q—l (o] q—l q—l © ®| © ®|
= = > ~ ¥ = 3
- X -~ X +« X T ¥ =T x
0 o ©o a =2 a = = @
= S 5§52 S9 5 § 5§ S © T T F E
» Y Y T ETE T v 3 33 3
a T T rxr e S S = E-\-\-\-\
< O O a a O O O O T 3 O G O
3 ;
-
11501—
- -
5077— pe—
4507

2838—| W &%
2459

st —

1986—
1700—

10ng  10ng  10pg  20ug 10ug  20ug

D pRY4_6 (CjoriC)
GATCATACAGCTATTTCACATAATGTTAAAAAAATCACAGAAATGATAGAAAATGATGGTTCTTTAAAAGCAAAAATCGAAGAACTTAAAAAC
dnaA
AAAATTCTTGTTAAAAGTCAAAGTTAAGTGAAAGGATGTGAAAAATAAATTCTAGAGTGTGAAAAAAAGAAATTAAGCAAAGTATGATAAAAT

ACAAATTTGATTATTTCGCTTTGAAGAATTTCACAATTTCAACAAGCTTATTGTTACAACGAATTTAAAATTAAAATAAACCAAGGAGAAARA

dnaN ATGAAGTTAAGTATCAATAAAAATACTTTAGAATCTGCAG

predicted DnaA boxes genes (fragments) —— degenerated DnaA-trio -~ predicted DUE





OPS/images/fmicb-09-01533-g003.jpg
A pOC_IGR4 pOC_IGR2
<+ © © <+ © ©
© o o -~ o o o «~ DnaA

g [uM]

[
3000 st
e— S BB S = = S
1500 md | - < < 1400
1000 meet — - < 1000
700 et
500

AOO WSS NS SES Gmm  emm  En e e W< 400
300 e

200 -
75 e
S |
A 0P !
L28 00°
GRYT AT beti (1)

P1 sensitive
in pOC_IGR4

2000

" pOC_IGR -500
(~2400 bps)

\
1000
P1 sensitive
Sspl (963)

predicted DnaA box

— DUE
OX>2>OXPX2OOAA>AAOEHAEA>O>>0O0

& oo DnaA
ACGToooco [uM]

— DUE
H0H0044 O A 44> A 444> > 44+

Qoo DNaA
ACGToooo [uM]






OPS/images/fmicb-09-01533-g001.jpg
predicted oriC

Campylobacter jejuni 81116

IGR1 IGR2 IGR3 IGR4
(245 bp) (203 bp) (102 bps) (159 bp)
(ORTH <R R HEEHE IR RIERERID> { seive onanvor
queF flge | ruvC dnaA dnaN
(384bps) (2559bp) == T (477 bp) (1323 bp) N (1068 bp)
i i - - N
| | IGR2 IGR3 IGR4
| ! (203 bp) (102 bps) (159 bp)
: : ruvC dnaA | i
! ! 477b 1323 b b .
| | ( p) ( p) L plasmid kan_amycm
I i Lo resistance
220 bpy v pRY1 =
313 bps [
i pRY2 s
183 bps o
— Lo pRY3 -
I 1 261bps
' +—— pRY4 -
21850 bRY4 6 +
CjoriC
pRY107 (control) +
pRY107d (control) -
Cc pRY4_6 self-replication in C. jejuni
pPRY4_6

C. jejuni chromosome
2800

_>
F3 2507 bps F4

2329

< pst

< Pstl

lsingle recombination event
pRY4_6 integration into C. jejuni chromosome

Pstl| |

@ 3 3
2800 : ~5600 ‘i— 2329 $
X E iV X
dnaA cofl dnaN rB
S— s T
F3 rM13 M13
F4
8107 bps
= digoxygenin-labeled probe 2800, 5600 Pstl-digested DNA fragment X IGR4 extended by 120 bp of 3' dnaA
recognized by the probe (in bp) (total lenght: 318 bp)






OPS/images/logo.jpg
, frontiers
in Microbiology





