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ABSTRACT 

 
ANALYSIS OF A FUNCTIONAL HETEROLOGOUS CHROMOSOMAL 

REPLICATION ORIGIN TRANSPLANT IN E. coli 

 
by Rohit Kadam, B.Sc. Biotechnology, University of Mumbai, Maharashtra, India 

Chairperson of Advisory Committee: Alan C. Leonard, Ph.D. 

 

To ensure that all cells replicate their genomes faithfully before they divide, 

the initiation step of chromosome replication must be tightly regulated during the 

cell cycle.  In bacteria, new rounds of replication are triggered by the assembly of 

a higher order protein complex, termed the orisome, that unwinds a well-defined 

origin (oriC) region on the circular chromosome, and prepares it for new replication 

forks.  Orisomes comprise multiple copies of a highly conserved initiator protein, 

DnaA, and instructions for ordered orisome assembly are encoded into the oriC 

nucleotide sequence of nearly all bacteria as specifically-spaced clusters of 9 base 

pair (bp) DnaA recognition sites. Since orisomes are required for bacterial viability, 

and all bacteria share the DnaA initiator, the stages of orisome assembly should be 

excellent targets for antibiotic inhibitors. Unfortunately, for reasons that remain 

unclear, bacterial types build orisomes in different ways with high diversity in the 

number, spacing, and orientation of DnaA recognition sites in their copies of oriC.  

Little progress towards rational antibiotic design is expected until orisome 

assembly can be studied in many different bacterial types and shared stages of 

orisome assembly are identified.  This can be a daunting task, especially when 
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culture methods are lacking, and genetic tools are not available for many pathogenic 

strains.  

 To avoid the problems associated with comparative orisome analysis, a 

heterologous chromosomal origin transplant system was developed using the well-

understood and genetically tractable Escherichia coli (E. coli) bacterium.  The 

transplant recipient allows oriC DNA from any bacterial donor to be seamlessly 

swapped into the native oriC position while the host chromosome is replicated from 

an integrated plasmid replication origin.  Heterologous oriC function can then be 

tested by shutting off the plasmid origin although partial/non-functional orisomes 

can still be studied.   Initial testing of the E. coli system was performed using a 

previously uncharacterized donor oriC from a distant Gammaproteobacteria 

relative; the soil microbe Acinetobacter baylyi (ADP1).  Unexpectedly, the oriC of 

ADP1 functioned as the sole chromosomal replication origin in E. coli. Further 

examination revealed little similarity between E. coli and ADP1 origins and 

orisome assembly.  A minimal functional ADP1 oriC (221 bp) was identified that 

required a centrally-located AT-rich DNA unwinding element (DUE) that was 

flanked by high and low DnaA recognition sites, a feature not commonly found in 

Gammaproteobacteria.  Several important E. coli oriC features, including arrays of 

low affinity DnaA-ATP recognition sites, DeoxyAdenosine Methylation (DAM) 

sites (GATC), and 13 mer repeat motifs in the DUE were missing from ADP1 oriC.  

Based on these observations, ADP1 and related Acinetobacter species, some of 

which are important human pathogens, appear to initiate chromosome replication 
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using a new version of orisomes that differ from those previously studied in other 

cell types and are worthy of further study.    

Furthermore, assembly of functional orisomes on ADP1 oriC was not 

coupled to the E. coli cell division cycle and DNA replication did not initiate 

synchronously from all origin copies as is the case for E. coli oriC.  We propose 

that two sets of instructions are encoded into every oriC: one that performs the 

mechanical function of origin activation and will likely to be shared among 

bacterial types, and species-specific instructions that are used to regulate cell cycle 

timing.  The ADP1 oriC must carry functional instructions, but lacks the sequences 

needed to monitor cell cycle availability of DnaA-ATP in E. coli, raising questions 

about cell cycle regulation of DNA synthesis in ADP1 cells. 

  The newly found relationship between E. coli DnaA and ADP1 oriC 

provides a unique opportunity to study how one initiator can be assembled into two 

different functional orisomes.   It is also likely that the transplant system described 

here will uncover additional functioning heterologous oriCs whose dissection will 

help to identify new targets for antibiotic development. 
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INTRODUCTION 

Antibiotic resistant bacterial pathogens are well-recognized as one of the 

greatest challenges to public health (World Health Organization, 2015).  According 

to the Center for Disease Control, each year about 2 million people in the US 

become infected by bacteria that are resistant to at least one antibiotic and 23,000 

people die each year as a direct result of these infections (CDC report 2014).  The 

cost due to the five most common hospital-acquired infections in the US approaches 

10 billion dollars per year (Zimlichman et al. 2013), and overall costs due to 

bacterial infections can exceed 35 billion dollars per year. Although the increased 

level of drug resistant bacteria is partly attributed to the over-use of antibiotics 

(Ventola et al. 2015), the problem is compounded by a deficit of new antibiotics.   

One solution is to identify more targets for rational inhibitor design among the 

many processes required for bacterial pathogen viability. The studies in this 

dissertation are focused on the nucleoprotein complex (orisome) that regulates the 

initiation step of bacterial chromosome replication (Leonard and Grimwade, 2015, 

2017).  Although currently under-exploited for antibiotic development, it is hoped 

that further dissection of orisome assembly, as presented here, will bring new 

targets into view.  

In order to remain viable, all cells must replicate their genomes faithfully 

before they divide. DNA synthesis must proceed in an orderly fashion and over- or 

under-replication of the genome is likely to cause stress and unstable cell 

duplication (Simmons et al. 2004). To ensure fidelity, the mechanisms that 
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determine where and when new DNA synthesis is initiated are tightly regulated 

(Cooper and Helmstetter 1968, Siddiqui et al. 2013, Skarstad and Katayama, 2013, 

Costa et al 2013, Parker et al. 2017). Although these regulatory mechanisms were 

expected to be complex, a simple control circuit for the initiation step was described 

over 50 years ago, by Jacob, Brenner, and Cuzin (Jacob et al. 1963).  They 

envisioned a defined genetic site where DNA synthesis begins (originally called the 

replicator, and now referred to as the replication origin), and replicon-encoded, 

origin-activating factors, called initiators (Jacob et al. 1964). Referred to as the 

replicon model, this regulatory circuit and its hypothesized components are 

fundamentally correct for all cell types although many mechanistic details remain 

unclear.  

Historically, the physical manifestations of origins and activators are best 

understood in the bacterium Escherichia coli due to its well-defined and singular 

replication origin, oriC, and the requirement for only one oriC-interacting protein, 

encoded by the dnaA gene. Initiator DnaA recognizes multiple sites (DnaA boxes) 

within oriC and assembles into orisomes that unwind the double-stranded DNA and 

assist with the loading of DNA helicases onto the exposed single-strands in 

preparation for new replication forks (Frigola et al. 2013; O’Donnell et al. 2013).   

Orisomes are assembled step-wise during the E. coli cell division cycle as two 

distinctive oppositely-oriented oligomers of DnaA (Rozgaja et al. 2011, Ozaki and 

Katayama 2012). It is now clear that the encoded instructions for these orderly 

interactions of E. coli DnaA with oriC are defined by the relative spacing, number, 
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and affinity of DnaA boxes, along with some additional recognition sites for 

accessory DNA bending proteins (described below).  However, the ability to 

develop targeted inhibitors of orisome assembly is complicated by the fact that 

arrangements of DnaA boxes and other nucleotide sequence features in oriCs vary 

widely among the thousands of sequenced bacterial genomes (Gao et al. 2013). The 

possibility that DnaA-oriC interactions are optimized for bacterial type also raises 

fundamental questions about prokaryotic molecular biology: 1) why are orisomes 

that perform the same function in all bacteria assembled in different ways, 2) do all 

origins and their associated orisomes share any fundamental features that may be 

attractive targets for broad spectrum inhibitors, and 3) are type-specific differences 

in orisome assembly useful as targets for developing type-specific antibiotics. One 

approach to answering these questions is to examine orisome assembly using 

heterologous components, i.e. allowing the DnaA from one bacterial type to interact 

with the oriC from another.   Experiments of this type were previously performed 

with purified components from four different bacterial types, and DnaA binding 

and unwinding activities were different for cognate DnaA-oriC combinations 

compared to heterologous combinations (Seitz and Messer 2000, Zawilak Pawlik 

et al. 2005, Koch et al. 2010). The behavior of cloned heterologous oriCs (as 

extrachromosomal elements) also support the idea of origin optimization; with 

replication activity measured only in bacteria whose cognate oriC is nearly identical 

in nucleotide sequence (Zyskind et al. 1979, Harding et al. 1982, Zyskind et al. 

1983, O'Neill and Bender, 1988).  However, oriC function may depend on the 
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chromosomal context (Weigel et al. 2001) and divergent heterologous oriCs have 

not been evaluated for activity from a chromosomal position in any living bacteria. 

A solution to this problem is presented here. An E. coli-based oriC transplantation 

system is described for orisome studies using strains that will survive even if 

orisome assembly cannot not be completed (see below). To test the system, the host 

chromosomal oriC was replaced with the uncharacterized heterologous oriC from 

a distant Gammaproteobacteria relative, Acinetobacter baylyi, which bears little 

sequence resemblance to the E. coli version.   Unexpectedly, this heterologous oriC 

was functional on the E. coli chromosome (but not as an extrachromosomal copy) 

allowing comparative analysis of E. coli orisomes assembled using two different 

DNA encoded instruction sets.  

Background information about the components of the well-studied E. coli 

orisome, an overview of the transplant methodology, and the rational for the choice 

of Acinetobacter oriC as the transplant donor are presented below. 

 

THE BACTERIAL INITIATOR PROTEIN, DnaA 

 The DNA replication initiator protein, DnaA, is highly conserved among all 

bacteria (Erzberger et al. 2002) and is a member of the AAA+ protein family 

(ATPases associated with various cellular activities) that are regulated by the 

binding and hydrolysis of ATP (Snider et al. 2008). Newly synthesized DnaA binds 

strongly to ATP and is active in this form, but inactive as DnaA-ADP (Sekimizu et 

al.1987). Despite little similarity at the amino acid level, DnaA is also structurally 
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similar to members of the eukaryotic origin recognition complex (ORC) and the 

archeal origin initiator Cdc6 (Erzberger et al. 2006), as would be expected for a 

common regulatory mechanism shared by cells in all domains of life 

The first crystal structure of DnaA was obtained from the thermophilic 

bacterium Aquifex aeolicus (Erzberger et al. 2002) and much of this structure is 

very well conserved among all bacterial types. Based on function, E. coli DnaA is 

defined by four domains (See figure 1A).  The E.coli N-terminal domain I contains 

interaction sites for several DNA replication-related proteins including DNA 

helicase (DnaB), the DNA helicase loader (DnaC), the regulatory protein DiaA, as 

well as a site for self-oligomerization (Sutton et, al., 1998; Simmons et al. 2003, 

Felczak et al. 2005, Keyamura et al. 2007). Inter-molecular interactions of DnaA 

domain Is are required for the nucleation of oligomeric filaments and any trans-

strand DnaA-DnaA interactions that take place due to DNA bending (Miller et al. 

2009) (see below). 

Domain II comprises a flexible linker joining domain I to the rest of the 

molecule and differs greatly in length and amino acid content among bacteria 

(Schaper and Messer, 1997, Zawilak-Pawlik et al. 2005) (Figure 1). Although its 

role is not definite, the length of the linker is important for intermolecular 

interactions during orisome assembly because E. coli DnaA domain II deletion 

mutants produce under-initiating or loss-of initiation phenotypes (Nozaki and 

Ogawa, 2008, Molt et al. 2009). However, in some bacteria, like Aquifex aeolicus, 

domain II is completely absent (Erzberger, 2002, Zawilak-Pawlik et al. 2017).  
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Figure 1. DnaA structural domains and the compact oligomer. (A) Each structural 
domain is designated and amino acid (aa.) length (1-476 aa.) is noted.  Biological 
activities associated with each domain are also listed. (B) DnaA-ATP binding to 
double-stranded (ds) DNA as a single molecule and to single-stranded (ss) DNA as 
a compact oligomeric filament. (i) DnaA domains are labeled and the arginine 
finger and nucleotide binding site are noted.  Domain 4 interacts with double-
stranded DNA at high affinity 9 bp. recognition sites.  Two (or more) DnaA 
molecules can interact on double-stranded DNA using Domain 1 if their recognition 
sites are close enough.  (ii) DnaA-ATP interacts with ssDNA as a compact 
oligomeric filament with arginine fingers interacting with a neighbor’s bound 
gamma phosphate.  Domain IV flips up and DNA interacts with Domain III. 
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Domain III contains amino acid motifs characteristic of the AAA+ protein 

family (e.g. Walker A/B, sensor 1/2, and an Arginine finger) and plays a crucial 

role in ATP/ADP binding/hydrolysis, inter-DnaA interactions, and DUE unwinding 

(Neuwald et al. 1999, Erzberger et al. 2002, Ozaki and Katayama, 2009) (Figure 

1). This domain can be separated into sub-domains based on the crystal structures 

derived from Aquifex aeolicus (Erzberger et al. 2002), but strong structural 

similarities exist between DnaA domain III and all AAA+ proteins (Neuwald et al. 

1999). The region closest to the N-terminus, Domain IIIa is a five-stranded parallel 

beta-sheet sandwiched between two helices and contains the highly conserved ATP 

binding/hydrolysis sites demarked by the characteristic Walker A and Walker B 

and Sensor I amino acid motifs (Walker et al. 1992, Erzberger et al. 2002, Messer, 

2002). The adjacent Domain IIIb is an antiparallel three-helix bundle connected to 

domain IIIa through a short linker segment. It contains the Sensor II motif that, 

along with the IIIa motifs, is essential for ATP binding and the intrinsic ATPase 

activity of DnaA (Erzberger et al, 2002, Walker et al. 1982). IIIb also contains a 

motif known as box VII that is required for oligomerization of DnaA monomers in 

oriC, a feature essential for orisome activity in E. coli (Messer 2002, Erzberger et 

al. 2002, Felczak and Kaguni, 2004).  This motif is distinguished by an arginine at 

amino acid position 285 (arginine finger) that interacts with the bound ATP of an 

adjacent DnaA molecule with sufficient stability to form an oligomer (see figure 

1B).  Based on structural studies, two versions of this oligomer are proposed, a 

compact helical filament that is unable to interact with double-stranded DNA but 
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binds to single-stranded forms (Duderstadt et al. 2010), and an open filament form 

that interacts with double-stranded DNA. A DnaA filament assembled in the left 

half of oriC is believed to play a role in both DNA unwinding and DNA helicase 

loading, but it remains unclear whether both structural forms are required 

(Erzberger et al. 2006, Noguchi et al. 2015, Richardson et al. 2016. The inactivity 

of DnaA-ADP may be due to the inability to make one or both types of interactions 

(Erzberger et al. 2006), but there is some evidence that DnaA-ADP can be part of 

the orisome without loss of function (Yung et al. 1990) (manuscript in preparation, 

Grimwade personal communication).  

Domain IV, is highly conserved among all bacterial types and binds with 

high affinity to 9 mer DnaA boxes with consensus/near consensus sequence [5’-

TT(A/T)TNCACA-3] in E. coli (Roth and Messer 1995), but also in most bacterial 

types (Zawilak-Pawlik et al. 2005) (Figure 1). DnaA-DNA interactions takes place 

using a helix-turn-helix motif that is inserted into the major groove. Five base pairs 

of the 3’ DnaA box sequence are recognized through base-specific hydrogen bonds 

and van der Waals contacts.  In the minor groove, an arginine located in a domain 

IV loop adjacent to the helix-turn-helix motif recognizes three more base pairs in 

the 5’ DnaA box sequence by base-specific hydrogen bonds. DnaA bends the DNA 

to which it binds by ∼28° or greater, although it remains unclear whether DNA 

bending is a requirement for origin unwinding (Fujikawa et al. 2003, Roth and 

Messer 1995, Sutton and Kaguni 1997, Schaper and Messer 1995).  DnaA is also 

able to interact with DnaA boxes whose sequences diverge from consensus at more 
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than one position, although these interactions are lower affinity and usually require 

assistance from proximal DnaA associated with high affinity boxes (Rozgaja et al. 

2011) (see below).  

At the N terminal boarder of Domain IV there is an amphipathic amino acid 

helix where DnaA interacts with phospholipid membranes (Yung and Kornberg, 

1988, Garner and Crooke, 1996) (Figure 1).  This interaction is one of several 

DnaA-ADP recharging mechanisms described below. (Crooke, 2001, Aranovich et 

al. 2015) 

 

THE E. coli ORIGIN OF REPLICATION (oriC) 

E.coli oriC comprises 245 bp and resided between genes gidA and mioC 

(nucleotides 3,923,767 to 3,924,025 on E.coli K-12 genome sequence) (Meyenburg 

et al. 1977, Kaguni and Kornberg, 1984, Meyenburg and Hansen, 1987).  Neither 

of the adjacent genes encodes DNA replication related proteins although the oriC 

in most bacteria resides adjacent to the dnaA gene (Gao et al. 2013).  E. coli oriC 

carries three high affinity boxes for DnaA, termed Rl, R2, and R4 (see Figure 2), 

reviewed in (Leonard and Grimwade 2015). These sites bind both DnaA-ATP and 

DnaA-ADP equivalently (KD= 4-20 nM) (Fuller et al. 1984, Matusi et al. 1985, 

Sekimizu et al. 1987). The remaining boxes, which deviate from consensus by more 

than one bp (see Figure 2B), bind DnaA with lower affinity (KD>200nM) (Schaper  
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Figure 2. (A) Map of E. coli oriC.  Positions of DnaA, IHF and Fis binding sites, 
as well as the DNA unwinding element (DUE), are shown. The three high affinity 
recognition sites are designated by black squares, and the low affinity sites are 
designated by grey squares. The numbers between the DnaA binding sites (grey 
boxes) indicate base pair spacing. The arrows indicate orientation of recognition 
sites and growth direction of DnaA oligomers on ds DNA. Within the DUE, the 13 
mer repeat motifs are marked in green (Left, Middle and Right).  (B) Nucleotide 
sequence of E. coli oriC region.  Color coding in (A) is identical to sites in (B).  
Numbers in (B) designate nucleotide positions. 
 
  



 

 

11 

 
 

and Messer 1995).  Low affinity boxes are arrayed (four per array) in each half of 

E. coli oriC with each box separated by 2 bp to place the bound DnaA into the same 

helical phase (Rozgaja et al. 2011). All boxes within an array face in the same 

direction, but the right and left arrays are oppositely oriented. The low affinity sites, 

R5M and C1 bind both DnaA-ATP and DnaA-ADP equally well, while the other 

low affinity sites (τ2, I1, I2, C3, C2, and I3) preferentially bind to DnaA-ATP (with 

a 3-4 fold higher affinity compared to DnaA-ADP) (McGarry et al. 2004). These 

DnaA binding sites are precisely placed in the origin and experimental evidence 

shows that extension of DnaA oligomers requires precise spacing between low 

affinity sites. (Rozgaja et al. 2011) 

In addition to the DnaA binding sites, oriC carries an A-T rich region 

upstream of R1 that contains three 13mers with consensus 5’-GATCTnTTnTTTT-

3’ (Bramhill and Kornberg 1988) (Figure 2).  This is the site where oriC is unwound 

(between the middle and right 13 mer) and is termed the DNA unwinding element 

(DUE) (Bramhill and Kornberg 1988, Kowalski and Eddy 1989). DnaA 

interactions with single-stranded DNA in the DUE appear to be sequence-specific 

and include recognition of 5’-GATCT (Speck and Messer, 2001) as well as 

specialized nucleotide motifs, termed DnaA-trio elements (3′-GAT-5′, 3′-AAT-5′ 

and 3′-GAA-5) found in many bacterial types (although these sequences in E. coli 

deviate from perfect trios) (Richardson et al. 2016). Trio motifs guide compact 

DnaA filament assembly from an occupied DnaA box into the proximal unwound 

(single-stranded) oriC DNA (Richardson et al. 2016).  Additionally, E. coli oriC 
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has binding sites for two DNA bending proteins, Factor for inversion stimulation 

(Fis) and Integration Host factor (IHF), both of which change the conformation of 

oriC, thereby regulating its activity. (Polaczek, 1990, Filutowicz, 1992, Finkel and 

Johnson, 1992, Hwang and Kornberg, 1992, Ellenberger 1997, Ryan et al. 2004). 

 

STAGED ORISOME ASSEMBLY IN E. coli 

This binding of DnaA-ATP to E. coli oriC causes unwinding of the DUE 

and recruitment of proteins required for the earliest stage of replisome assembly; 

loading of DNA helicase (Bell and Kaguni, 2013, O'Donnell and Li, 2018).  Early 

electron microscopy of purified components showed the orisome to be an elliptical 

structure, with oriC DNA wrapped around an estimated 20 molecules of DnaA 

(Funnel et al. 1987, Crooke et al. 1993). Higher resolution analyses using various 

protein-DNA footprinting assays, showed that binding of DnaA to oriC was at 

specific locations and these sites were filled step-wise (Grimwade et al. 2000, 

Marguiles and Kaguni 1996, Ryan et al. 2004, Miller et al. 2009, Rozgaja et al. 

2011). In vivo Dimethylsulfate (DMS) footprinting of oriC demonstrated that DnaA 

occupies the high affinity sites R1, R2 and R4 throughout the cell cycle (Cassler et 

al. 1995, Nievera et al. 2006). This complex serves the role of a bacterial origin 

recognition complex (bORC) (Nievera et al. 2006, Miller et al. 2009), analogous 

to the persistent multimeric complex formed at the replication origins of eukaryotes 

by ORC proteins (Nievera et al. 2006).  The bORC (see figure 3A) serves as a 

platform for further orisome assembly as well as a mechanism to constrain oriC  
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Figure 3. Assembly of the orisome. (A) The bacterial ORC is shown with only the 
high affinity sites occupied by DnaA. (B) Orisome assembly continues with DnaA 
at R4 assisting in loading DnaA to the low affinity sites in the right array causing 
displacement of Fis (purple diamond) and binding of IHF (orange hexagon) which 
bends oriC DNA at an extreme angle. (C)  DnaA bound to R1 then assists with 
DnaA loading at R5M following continued assembly of the left DnaA oligomer. 
Full DnaA site occupation leads to the unwinding of the double helix at the DUE. 
High affinity DnaA recognition sites are shown as blue boxes. Low affinity DnaA 
recognition sites that bind to DnaA-ATP preferentially (compared to DnaA-ADP) 
are shown as red boxes. Pink boxes designate low affinity DnaA recognition sites 
that show equal preference for DnaA-ATP and DnaA-ADP. Interactions between 
DnaA molecules is indicated by solid black lines. DnaA occupying R2 can assist 
with loading DnaA at I2 (dotted lines), but loading is inefficient compared to R1-
assisted loading. 
 
  

bORC 
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B 
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and prohibit spontaneous unwinding in the absence of DnaA (Kowalski and Eddy 

1989, Kaur et al.2013,).   

The arrangement of low affinity sites in E. coli oriC directs ordered binding 

of DnaA oligomers that extend from the bORC platform. (Rozgaja et al. 2011). 

Evidence suggested that DnaA cannot interact with low affinity sites in oriC 

without assistance from DnaA bound to a proximal high affinity recognition site 

(Schaper and Messer 1995, Miller et al. 2008, Rozgaja et al. 2011). The binding to 

the low affinity array begins when Domain I of DnaA bound to R4 recruits 

additional DnaA molecules that are used to occupy the proximal low affinity site 

(C1) (see figure 3B), which is only 3 bp upstream. The DnaA oligomer is then 

progressively assembled by filling the low affinity sites between R2 and R4 

(Rozgaja et al. 2011).  Due to the length of the gap region between DnaA oligomers 

cannot assemble between R1 and R5M (45bp) and extend DnaA to R5M (see figure 

3C) (Rozgaja et al. 2011).  However, the intervening DNA is highly bendable and 

contains a recognition site for the DNA bending protein IHF (Ryan et al. 2002).  To 

restrict IHF-dependent DNA bending to the correct stage of assembly under rapid 

growth conditions, bORC comprises an additional protein regulator; the DNA 

bending protein Fis occupies a recognition site between R2 and R4 (Ryan et al. 

2004).  Binding of IHF to its site is impeded when Fis is also bound to oriC, but Fis 

is displaced as the DnaA oligomer extends through the right half of oriC (Ryan et 

al. 2004).  Displacement of Fis (Ryan et al. 2004, Kaur et al. 2014) allows IHF 

bending and DnaA-DnaA interaction between R5M and R1 in the left half (Kaur et  
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Figure 4. The orisome. A fully assembled orisome consisting of ~20 molecules of 
DnaA (blue spheres) wrapped by oriC DNA. Once assembled, the DUE is unwound 
and DnaA assists in loading the hexameric DnaB replicative helicase (pink).  DnaA 
interacts with DnaB using Domain I and interacts with the helicase loading protein 
DnaC (yellow) using Domain 3. 
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al. 2014, Rao et al. manuscript in preparation). When all DnaA recognition sites 

are occupied in the left half of oriC, the DUE is unwound and DnaA then interacts 

with ssDNA, although this aspect is less clear for E. coli (Erzberger et al. 2006, 

Miller et al. 2009) add Richardson et al.).  DnaA bound to the single strands recruits 

the hexameric DNA helicase comprising DnaB molecules complexed with the 

helicase loading protein DnaC (Sutton et al. 1998, Mott et al. 2008, Arias-Palomo 

et al. 2013, Chodavarapu et al. 2016). Two helicase rings are then loaded, one on 

each strand, as the first step of replisome assembly for bidirectional DNA 

polymerization (Bell and Kaguni 2013). 

DNA replication in E. coli is coupled to the synthesis of threshold levels of 

DnaA-ATP and restricted to only once per origin per cell cycle (Kurokowa et al, 

1999). In addition to the DnaA boxes in oriC that bind preferentially to DnaA-ATP 

and couple orisome assembly to this form, E. coli must ensure that over- or under-

replication is prohibited. To accomplish this, both activity and availability of DnaA 

are tightly regulated by multiple mechanisms that include autoregulation of the 

dnaA gene, deactivation of DnaA-ATP, titration of DnaA away from oriC, and 

blocking DnaA binding sites (sequestration of oriC) (Nievera et al, 2006).  These 

mechanisms are described briefly below: 

Regulation of DnaA levels and activity:  The promoter of the dnaA gene 

contains DnaA boxes that are responsible for autoregulation of expression (Braun 

et al. 1985). It is not clear whether this autoregulatory mechanism is used under all 

nutritional conditions, but the cellular concentration of DnaA remains constant at 
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all growth rates (Hansen et al. 1991, Herrick et al 1996). DnaA is not usually 

degraded after synthesis in most bacteria but is inactivated by conversion to DnaA-

ADP (Kawakami et al. 2006, Keyamura and Katayama 2011). Although various 

inactivation mechanisms are probably used in the bacterial world, in E. coli DnaA-

ATP hydrolysis is stimulated by a specific protein factor termed Hda (Homologous 

to DnaA) using a mechanism termed RIDA (Regulatory Inactivation of DnaA), 

reviewed in (Katayama 2017). Hda is associated with the beta-clamp (DnaN) of the 

DNA polymerase III so that as new DNA is polymerized, the bound DnaA-ATP 

that is encountered becomes hydrolyzed.  The details of RIDA remain unclear, but 

this is the primary way DnaA is inactivated in E. coli cells (Katayama et al. 2010).  

There are also about 300 widely spaced consensus DnaA recognition 

sequences throughout the E. coli genome (Roth and Messer, 1998) that can bind 

DnaA, titrating these molecules before they have the opportunity to bind to oriC 

sites. In addition, clustered DnaA boxes are found at a titration locus termed datA , 

located about 470,000 bp from oriC (Kasho and Katayama 2013).  The duplication 

of this site about 8 min following chromosome replication ensures that any DnaA 

molecules that are displaced from oriC are not available to rebind to oriC following 

sequestration (see below).    

Sequestration: E. coli oriC contains clusters of 5’-GATC nucleotide 

sequences that overlap several low affinity 9-mer recognition sites in the origin as 

well as the 13 mer repeats in the DUE.  GATC is the palindromic recognition site 

for a deoxyadenosine methylase (DAM) whose enzymatic activity places a methyl 
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group on the adenosine of both strands (Messer et al. 1985, Kang et al. 1999). Once 

replicated, the oriC DNA becomes hemimethylated, and the hemimethylated 

GATCs interact with a regulatory protein termed SeqA. SeqA remains bound to the 

hemi-methylated 5’-GATCs for about 1/3rd of the cell cycle (the sequestration 

period) and low affinity DnaA access to oriC is blocked (Campbell and Kleckner 

1990). It should be noted that R1, R2, and R4 are not sequestered so that the bORC 

can reform immediately after each round of DNA replication (Nievera et al. 2006). 

DnaA Reactivation: Under rapid growth conditions, if needed, DnaA-ADP 

can be recycled back to the ATP-bound form.  This is accomplished by two 

mechanisms; a poorly understood system that requires DnaA-ADP to associate with 

phospholipid membranes (Yung and Kornberg 1988), and a DNA-based 

mechanism termed DARS (DnaA Reactivation Sequences) (Fujimitsu et al. 2009, 

Katayama et al.2017). Two DARS modules with DnaA box clusters were identified 

on the E. coli chromosome (Fujimitsu et al. 2009).  Following the interaction of 

DnaA-ADPs with DARS1 or DARS2 sequences, ADP is released and the free 

DnaA can then rebind ATP (Skarstad and Katayama, 2013).  

A note about DnaA binding sites: The discrimination between ATP and 

ADP forms of DnaA at low affinity boxes is based on differences in nucleotide 

sequence. Converting G to T at the third position on sites I2 5’-TGGGATCAG and 

I3 5’-TTGGATCAA allows these sites to bind equivalently to either DnaA-ATP or 

-ADP) (McGarry et al. 2004). Further modification of all low affinity boxes is 

possible, with each box losing its preference for DnaA-ATP (where one exists) 
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without changing the over-all affinity of the binding site (McGarry et al. 2004) 

(manuscript in preparation, Grimwade personal communication). 

 

DIVERSITY AMONG BACTERIAL REPLICATION ORIGINS 

Using various in-silico approaches, (Mackiewicz et al. 2004, Gao et al. 

2013), the oriC location was predicted for the genomes of more than 1500 bacterial 

species.  The oriC region was almost always located within an intergenic region, 

frequently within the rpmH–dnaA–dnaN–recF–gyrB–rnpA genes cluster, and 

usually next to the dnaA gene.  E. coli is a notable exception where oriC is displaced 

from dnaA by 42,000 bp.  At the sequence level, conservation is only seen among 

extremely close relatives. 

Bacterial replication origins range in size from 200-1000 bp. DnaA boxes 

are clustered in most bacterial replication origins, but numbers, position and 

orientation vary widely.  For example, only one DnaA box was identified in 

Caulobacter cresentus, 5 boxes were identified in Helicobacter pylori and E. coli, 

13 boxes are identified in Mycobacterium tuberculosis, and 19 boxes in 

Streptomyces coelicolor (Zawilak-Pawlik et al. 2005).  In general, it appears that 

the oriCs of Gram-positive bacteria have more DnaA boxes.  However, we now 

know that cryptic DnaA boxes that differ sufficiently from consensus may also exist 

in all oriCs and cannot be predicted based on sequence alone (Charbon and Lobner-

Olesen, 2011) For example, out of eleven DnaA boxes in E. coli oriC, six cannot 

be predicted without direct binding assays (Rozgaja et al. 2011). The DUEs are 
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often difficult to identify within an already A-T rich origin region.  In some cases, 

multiple tracts of A-T exist, but only one is used as the DUE.  DUE positions are 

usually adjacent to clusters of DnaA boxes, but these may be at a central location 

or at the right or left margins of the origin.  The proximal placement of a high 

affinity DnaA box next to an A-T rich region can be informative, although some 

origins lack this feature (Zawilak-Pawlik et al. 2015).  DUEs also appear to have 

different information levels. For example, some bacteria carry repeat motifs that 

are recognized by regulatory proteins so that unwinding can be blocked under 

certain conditions (Hwang and Kornberg, 1992, Wolański et al. 2014). Other oriCs 

carry short DUEs with little apparent sequence specificity.  

Some bacterial types also have unusual bipartite oriC arrangements due to 

the placement of a spacer region between clusters of DnaA boxes (Zawilak-Pawlik 

et al. 2005, Leonard and Mechali 2013). This spacer is usually dnaA. While it is not 

yet clear why some origins are split, this configuration may allow DNA bending to 

regulate orisome assembly and DnaA expression simultaneously. Bipartite origins 

exist in Gram positive bacteria like Staphylococcus aureus Bacillus subtilis, 

Streptococcus pyogenes and other Mollicutes (Mycoplasma sp., Spiroplasma sp.), 

but also in the Gram negative Helicobacter pylori. (Krause et al. 1997, Moriya et 

al. 1999, Suvorov and Ferretti 2002, Lee et al. 2008, Briggs et al. 2012, Donczew 

et al. 2012) 

  



 

 

21 

 
 

 
 
 
Figure 5. Representative bacterial origins from four bacteria. DnaA recognition 
sites (identified by nucleotide sequence) are shown as blue rectangles to indicate 
an exact match to the E.coli high affinity recognition consensus 5’-TTATCCACA 
and purple rectangles mark sites that contain mismatches to the consensus. The 
DNA Unwinding Element (where known), site spacing (numbers between 
rectangles), and orientation of sites (triangles) are marked. OriC-adjacent genes are 
also shown along with their direction of transcription (arrows). 
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DnaA of one bacterial type can bind to DnaA boxes in another type.  For 

example, E.coli DnaA binds to its own DnaA boxes on oriC fragments to form 

higher order complexes, but it is also able to bind to DnaA boxes in the oriC of 

Mycobacterium tuberculosis and S.coelicolor (Zawilak-Pawlik et al. 2005)  

However, when cloned onto plasmids and transformed into E. coli, the heterologous 

origins did not function. While this study clearly shows that DnaA binding alone is 

not sufficient for activity, it remains unclear whether the problem is incomplete 

orisome assembly, defective DUE unwinding, defective helicase loading, or 

combinations of all three. This presents a difficult problem for comparative 

analysis, particularly when in vivo studies are desired. Nevertheless, the mechanical 

tasks required of orisomes must be conserved and it should be possible to identify 

common orisome features by examining compatible heterologous combinations. 

 

COMPARATIVE ANALYSIS OF ORISOME ASSEMBLY IN VIVO: THE 

CHROMOSOMAL oriC TRANSPLANTATION SYSTEM  

To extend our in vivo analysis of heterologous orisome assembly, a 

chromosomal oriC transplantation system was developed based on E. coli 

recombineering strains (Sharan et al. 2009). (see Fig 6 and Materials and Methods) 

These strains carry inducible copies of the lambda phage recombination (RED) 

genes exo, beta and gam that allow linear DNA introduced into the cell by 

electroporation to integrate into the host chromosome at sites of homology.  

Recombineering strains are compatible with either single-stranded DNA 
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oligonucleotides or double-stranded DNA, and are useful for quickly making gene 

deletion, insertions or alterations in any genomic nucleotide sequence (Thomason 

et al. 2014). To increase the usefulness of these strains for oriC transplants, a copy 

of the R1 plasmid replication origin (oriR1) was introduced into the chromosome 

and the dnaA gene was deleted (Hansen and Yarmolinsky 1986). In this 

configuration, chromosome replication and host viability are independent of DnaA 

since it is not required for R1 replication. The E. coli oriC region was also modified, 

replacing it with markers (chloramphenicol resistance-sacB) that allow counter-

selection for cells with DNA fragments inserted into the oriC position by 

recombineering (Kaur et al. 2014). Thus, DNA fragments containing heterologous 

oriC could be placed into the oriC position of E. coli without any effect on host 

growth or whether the transplanted oriC was functional in this chromosomal 

position. 

To test transplanted origin function, the dnaA that was missing from this 

strain, can be introduced on an expression plasmid which also expresses the oriR1 

repressor protein, CopA.  With oriR1 shut down, only strains with functional 

heterologous oriCs can survive.  This system also allows expression of 

heterologous dnaA if required or various mutant versions of either dnaA or oriC to 

be tested for function.  Any functional oriC that is able to utilize E. coli replication 

proteins can then be transferred into wild-type E. coli strains, such as MG1655, 

using P1 phage transduction (Thomason et al. 2007) so that cell cycle timing and 

responses to changes in nutritional state can be further evaluated.  
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Figure 6. Heterologous oriC transplantation system. Specialized E.coli strains 
express lambda phage recombination (RED genes) by heat induction and carry no 
dnaA gene.  Chromosomes replicate from an integrated copy of the R1 plasmid 
replication origin.  DNA fragments carrying heterologous oriC are introduced by 
electroporation and replace a chloramphenicol resistance (cat)-sacB cassette 
inserted into the E. coli oriC position of the host.  OriC transplant-containing 
colonies were initially identified by growth on 5% sucrose and loss of 
chloramphenicol resistance.  To test for oriC function, survivors were identified 
after transformation with a plasmid expressing the oriR1 repressor CopA and the 
initiator DnaA. 
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CHOOSING A DONOR FOR HETEROLOGOUS ORIC TRANSPLANTS 

Testing the E. coli oriC transplant system required a choice for initial donor 

DNA.  While any oriC DNA could be introduced, I decided to choose a member of 

the same family (Gammaproteobacteria) as E.coli, but a member that was among 

the most distantly related.  Acinetobacter baylyi (ADP1) (Vaneechoutte et al. 

2006), is a fast-growing, easily cultured soil bacterium that has been the subject of 

a variety of metabolic and genetic engineering studies in recent years (Metzgar et 

al. 2004), and a popular model system due to an ability to naturally take up 

exogenous DNA from its environment without special treatment and incorporate 

the DNA into its chromosome, (Elliott and Neidle, 2011).  ADP1 and E. coli have 

diverged with a time frame estimated to be 50–200 million years (Robinson et al. 

2010, Deng et al. 2011).  Although the nucleotide sequence is known (Barbe et al. 

2004), ADP1 oriC has not been studied by any laboratory.  Most importantly, 

ADP1 oriC has little similarity to E. coli oriC.  The position of the DUE was 

unknown and not obvious from examining the nucleotide sequence.  The number 

of DnaA boxes (see figure 7) and their placement showed no obvious resemblance 

to E. coli or its close relatives.  There were also known differences in oriC proximal 

genes between E. coli and ADP1 as well as differences in the regulatory 

mechanisms used for DNA replication (see below).   

Unexpectedly, ADP1 oriC was functional as the sole replication origin in 

E. coli, using all of E. coli’s DNA replication proteins, despite using a completely 

different oriC geography to assemble orisomes. Cell appearance and growth rate 
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were similar to the E. coli oriC version.  This surprising result raises questions 

about the specificity of DnaA for its cognate oriC and extends E. coli DnaA’s (and 

other replication proteins) ability to use completely divergent instruction sets to 

produce functional orisomes.  However, despite being functional, ADP1 oriC was 

not capable of proper cell cycle timing of the initiation step in E. coli.  This result 

suggests that separate features of oriCs are responsible for function and coupling 

to the cell cycle.  Based on this initial test, it is likely that this system will not only 

allow the comparative analysis of heterologous and homologous orisome 

components but will also provide an opportunity to dissect the features of origins 

required for basic function from those that are required for proper cell cycle timing.  
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MATERIALS AND METHODS 

BACTERIAL STRAINS AND PLASMIDS 

Table 1 contains a complete list of all bacterial strains used in this study and 

their relevant genotypes. Table 2 contains list of all plasmids used in this 

study .ADP1 oriC was isolated from Acinetobacter baylyi (ADP1; ATCC 

3305) .All ADP1 oriC mutations were made on poriCADP1-miniT which was made 

by ligation of  PCR amplified ADP1 oriC onto pMiniT vector ( New England 

Biolabs) . Mutation into poriCADP1-miniT plasmid was introduced by site directed 

mutagenesis (discussed below) pMW110, pAL110 and pAL111 (see Table 2 ) were 

used for in vivo origin function assay. ACL402 was used for transplantation of 

ADP1 oriC and its derivatives onto the E.coli chromosome. For evaluation of in 

vivo replication of ADP1 oriC plasmid, pI plasmid was transformed into either 

P3478 (polA1, thyA36 deoC2 IN(rrnD-rrnE)1, λ-) , or its isogenic parent, W3110. 

For cell cycle analysis, transplanted chromosomal ADP1 oriC and its derivatives 

were transduced into MG1655 (oriC::pKN156, asnA::cat, asnB::tet) using P1 

transduction and selected for growth in minimal media supplemented with glucose 

and tetracycline (Kaur et al., 2014). OriC replacements were verified by 

sequencing. (GeneWiz). 
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Table 1. List of bacterial strains used for this study 
Name of Strain Genotype Reference 
W3110 K12,IN(rrnD-rrnE)1, thyA36, deoC2, 

(lambda)- 
Lederberg and 
Tatum 1946 

P3478 W3110polA (K12,IN(rrnD-rrnE)1, 

thyA36, deoC2, polA1, (lambda)-) 

 

De Lucia and 
Cairns 1969 

DH5a F–Φ80lacZΔM15Δ(lacZYA-argF) 

U169 recA1 endA1 hsdR17 (rK–, 

mK+) phoA supE44 λ– thi-

1 gyrA96 relA1 

 

New England 
Biolabs 

BLR(DE3)pLys AmpR, dnaA+ in pET19b Novagen, Li 
and Crooke 
1999 

ACL402 asnB32, relA1 spoT1 thi-1 fuc-1 lysA ilv-

192, zia::pKN500, ΔdnaA mad-1, λcI857 

Δ(cro-bioA), nad::Tn10, ΔoriC::cat-sacB 

 

Personal 
communication 

MG1655 asnA::cat, asnB::Tn10 

 

E.coli  Genetic 
Stock Centre 

KB02 MG1655, asnA::cat, asnB::tet, 
oriC::pKN1562kan 

Personal 
communication 

BM215 dnaA46ts, tnaA::Tn10 

 

E.coli  Genetic 
Stock Centre 
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Table 2. List of plasmids used for this study 
Name of 
plasmid 

Genotype Reference 

pOC170 Wild type oriC Weigel et 
al. 1999 

poriCADP1-miniT Wild type ADP1 oriC This study 

pDJ01  ADP1 oriC mutagenesis (R4 scramble) This study 

pDJ02  ADP1 oriC mutagenesis (R2 scramble) This study 

pDJ03  ADP1 oriC mutagenesis (R1 scramble) This study 

pDJ04  ADP1 oriC mutagenesis (R0 scramble) This study 

pMW110 Plasmid with dnaA gene under the control of 
dnaA promoter. 

Kaur et al. 
2014 

pAL110 Plasmid expressing copA and dnaA Kaur et al. 

2014 

pAL111 Plasmid expressing copA, an antisense RNA Kaur et al. 
2014 

pZL411 Wild type DnaA expression plasmid 

 

Novagen, 
Li and 
Crooke 
1999 
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Table 3. List of primers used for this study 
Recombineering Primers Sequence (5'-3') 

ADP1 oriC detection primer forward GCACGGAAACCATGAACGCGTTTAC
GTTTT 

ADP1 oriC detection primer reverse CGGACAGGGGATTCACATGCTTTGG
A 

ADP1 oriC recombineering primer 
forward 

GGCAGAAGAATGGCTGGGATCGTGG
GTTAATTTACTCAAATAAGTATACAG
CCATGCGAGCACGGAAACCATGAAC
GCG 

ADP1 oriC recombineering primer 
reverse 

AAGCCCGGGCCGTCCATTCTACTCAA
CTTTGTCGGCTTGAGAAAGACCTGTC
CAAAGCATGTGAATCCCCTGTCCG 

ADP1 oriC deletion primer 2 forward AAGCCCGGGCCGTGGATTCTACTCA
ACTTTGTCGGCTTGAGAAAGACCTGC
CAAAATTGAAGCAATTCATTTTAAAC
AAAAGTTATACAC 

ADP1 oriC deletion primer 3 forward AAGCCCGGGCCGTGGATTCTACTCA
ACTTTGTCGGCTTGAGAAAGACCTGC
TAATTCTTTCAATTTACAATCATTTTT
TGTATATTCACAACTTATTCTC 

ADP1 oriC deletion primer 4 forward AAGCCCGGGCCGTGGATTCTACTCA
ACTTTGTCGGCTTGAGAAAGACCTGG
ATACGCTGAATCATGGGATTTGAATT
TAAATTCATATC 

ADP1 oriC deletion primer 6 forward GGCAGAAGAATGGCTGGGATCGTGG
GTTAATTTACTCAAATAAGTATACAG
ACTATTCCACAGAAAAAAGCGTCCC 

ADP1 oriC deletion primer 4 reverse GGCAGAAGAATGGCTGGGATCGTGG
GTTAATTTACTCAAATAAGTATACAG
ATATGAATTTAAATTCAAATCCCATG
ATTCAGCGTATC 
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ADP1 oriC deletion 5 reverse GGCAGAAGAATGGCTGGGATCGTGG
GTTAATTTACTCAAATAAGTATACAC
TGTCCGTTTTAAATTCAAAAATAGTC
CACAACATC 

ADP1 oriC deletion primer 6 reverse AAGCCCGGGCCGTGGATTCTACTCA
ACTTTGTCGGCTTGAGAAAGACCTGG
GGACGCTTTTTTCTGTGGAATAGTC 

ADP1 oriC deletion primer 8 reverse GGCAGAAGAATGGCTGGGATCGTGG
GTTAATTTACTCAAATAAGTATACAG
CATAAAACAAATAAAAACACAGTTA
TCCACA 

ADP1 oriC deletion primer 12 
reverse 

GGCAGAAGAATGGCTGGGATCGTGG
GTTAATTTACTCAAATAAGTATACAA
TAAAATATCACTCAAAGTTATCCACA
AAGCATAAAA 

OR9 CACGGCCACCGCTGTAATTAT 
OR10 ATCCCATACTTTTCCACAGG 

Site Directed mutagenesis 
primers* 

Sequence (5'-3') 

ADP1 R0scr forward GAATTTAAATTCATATCTCGCTAAAA
CACCCACAAG 

ADP1 R1scr forward GCTTTTTTCACACGAATAGTCATTTT
TAAATTTAAAAACC 

ADP1 R2scr forward CCATAGATTTATATACACGATAACTG
TGTTTTTATTTGTTTTATGC 

ADP1 R4scr forward GTTTTATGCTTACACGATAACTTTGA
GTGATATTTTATC 

*Top strand only 
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GENOMIC DNA ISOLATION 

ADP1 cells were grown in Luria-Bertani(LB) broth, pH7.0 (10mg/ml 

tryptone, 5mg/ml yeast extract, 10 mg/ml sodium chloride, supplemented with 

10µg/ml thymine) at 32OC. The following day genomic DNA was isolated using 

Bio-Rad Quantum Prep AquaPure Genomic DNA kit. 

 

SITE DIRECTED MUTAGENESIS 

ADP1 oriC mutations were introduced using site directed mutagenesis on 

pI as the starting template which carried the ADP1 oriC, ampicillin resistance gene 

and pBR322 origin. Each reaction contained 50ng of purified DNA template, 

200µM dNTPs, 0.3 pmol of top primer and 0.3pmol of bottom primer (see Table 

3), 0.5µl Vent DNA polymerase (NEB), 5µl Vent Pol buffer, 2.5µl 100mM 

magnesium sulfate and final volume was brought up to 50µl using molecular 

biology grade water. PCR reactions were setup as following Step 1- 95°C for 30 

seconds, Step 2- 95°C for 30 seconds, 52°C-55°C (primer Tm -50C) for 1 minute, 

68°C for 4 minutes, Step 3-4°C hold. After PCR was completed, a Dpnl digestion 

at 37°C removed template DNA (Dpnl digests methylated DNA and since the 

template plasmid is methylated, it will be digested at this step) and product was 

viewed on 1% agarose gel. 20µl of the digested PCR product was transformed into 

chemically competent DH5a cells and were selected by plating on LB Plates 

containing ampicillin at 100µg/ml supplemented with thymine 10µg/ml. Presence 
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of the right size plasmid was confirmed by a quick plasmid isolation (described 

below) and further confirmed through sequence analysis by GeneWiz. 

 

PLASMID DNA ISOLATION 

DH5a cells containing the appropriate plasmid were grown in Luria-

Bertani(LB) broth, pH7.0 (10mg/ml tryptone, 5mg.ml yeast extract, 10 mg/ml 

sodium chloride, supplemented with 10µg/ml thymine) and appropriate antibiotic 

at 37OC. To check for any errors due to PCR or for a quick isolation, plasmid DNA 

was isolated using IBI Scientific Hi-Speed Mini Plasmid Kit.  For isolation of high 

yield supercoiled plasmid DNA samples, 100ml of cells were grown to an O.D. of 

0.6 – 0.8 and plasmid was isolated using Alkaline lysis method. Prior to isolation, 

cells were placed on ice for five minutes and pelleted at 14,000 rpm in Sorvall SA-

600 centrifuge for 10 minutes. All media was removed by pipetting and cells were 

resuspended in 10 ml of solution I (50 mM Dextrose, 25 mM Tris, pH 8.0, 10 mM 

EDTA, pH 8.0). The cell suspension was left on ice for five minutes followed by 

the addition of two volumes of solution II (0.2 M sodium hydroxide, 1 % SDS). 

Samples were gently mixed and allowed to sit at room temperature for five minutes 

or until suspension was clear. 1.5 volumes of ice cold solution III (3 M potassium 

acetate, 11.5% glacial acetic acid) was added and mixed until a white precipitate 

formed. Samples were incubated on ice for ten minutes and then pelleted at 14,000 

rpm for ten minutes. The supernatant was transferred to a clean tube and to it was 

added equal volumes of isopropanol. Samples were incubated at room temperature 
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for five minutes and then pelleted for 10 minutes at 14,000 rpm. The supernatant 

was removed, and the pellet was rinsed with 70% ethanol twice. The pellet was air 

dried for 15 minutes and then resuspended in 1 ml of 1X Elution Buffer (100 mM 

Tris, pH 8.5). To remove any remaining protein, the DNA solution was extracted 

with an equal volume of Phenol/Chloroform/isoamyl alcohol (24:24:1). The 

samples were vortexed and centrifuged for 4 minutes at 14,000 rpm. The aqueous 

phase present at the top was removed and transferred to a clean microfuge tube, and 

extracted with an equal volume of chloroform/isoamyl alcohol (24:1). The samples 

were vortexed and centrifuged again for 4 minutes at 14,000 rpm. The top layer 

was transferred to a clean microfuge tube and ethanol precipitated by adding 1/10 

volume of 3M sodium acetate, pH 5.3, and 2 volumes of 100% ethanol. Samples 

were then store at -20°C and centrifuged at 14,000 rpm for 10 minutes at 4°C to 

pellet DNA. Ethanol was removed, and pellet was rinsed with 70% ethanol. The 

pellet was air dried and resuspended in Elution buffer (10mM Tris-Cl, 1mM EDTA, 

pH 8.0). 1ul, 2ul and 5 ul of sample was loaded onto a 5 cm x 7.5 cm, 1% agarose 

gel and run in 90 mM Tris-Borate, 1 mM EDTA at 13 V/cm, stained in 0.5 µg/ml 

ethidium bromide and examined using Bio-Rad ChemiDoc and Quantity One 

software. 
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ISOLATION OF HIS-TAGGED DnaA  

Plasmid pZL411 (WT E.coli dnaA, Li and Crooke,1999) was transformed 

into BLR(DE3)pLysS (Novagen) and then a single colony was inoculated into a 5 

ml culture of LB-thy media containing 100 ug/ml ampicillin, 12 ug/ml tetracycline, 

and 20 ug/ml chloramphenicol and incubated at 37°C overnight with shaking. The 

next day, 2 ml of overnight culture was inoculated into 2 liters of warm LB-thy 

containing the same drugs and grown until an O.D.600 of ~0.6 was reached. 2 ml of 

1M IPTG was then added to the culture and allowed to grow for 90 minutes. Cells 

were harvested by centrifugation in GSA rotor at 6,000rpm for 5 minutes at 4°C. 

The pellet was then resuspended in 1/100 of the culture volume in Binding buffer 

(20 mM sodium phosphate, pH 7.8, 500 mM sodium chloride, 5 mM imidazole). 

Cells were then incubated on ice with 200 ul of 10 mg/ml lysozyme for 15 minutes 

followed by a freeze thaw three times in liquid nitrogen. 5 ug/ml Dnasel and 10 

mM magnesium chloride were added to the cells and the mixture was incubated for 

15 minutes on ice. Cells were pelleted by centrifugation in Beckman/Coulter 

Optima LE-80K ultracentrifuge at 100,000 g for 30 minutes at 4°C. All following 

steps were completed in the cold room. 1/8 bed volume of ProBond Resin 

(Invitrogen) was rinsed with distilled water and then equilibrated with Binding 

Buffer. After centrifugation, the cell lysate was applied to the resin and mixed for 

30 minutes. Supernatant was removed and stored to the side while resin was washed 

with 15 ml of Wash Buffer (20 mM sodium phosphate pH 7.8, 500 mM sodium 

chloride, 100 mM imidazole) for 10 minutes. The supernatant was removed, and 
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process was repeated two more times. Resin was then rinsed with 20 ml of 

Urea/Binding Buffer (20 mM sodium phosphate, pH 7.8, 500 mM sodium chloride, 

5 mM imidazole, 7M Urea) for 30 minutes with gentle shaking. Supernatant was 

removed, and resin was rinsed with 15 ml of Buffer HD-1 (50mM PIPES-KOH, 

pH 6.8, 10 mM magnesium acetate, 200 mM ammonium sulfate, 20% (w/v) 

sucrose) and then mixed in the cold room for 10 minutes. The supernatant was 

removed and washed with HD-1 and repeated two more times. His10-DnaA was 

eluted from the resin by the addition of 2.5 ml of buffer HD-2 (50 mM PIPES-

KOH, pH 6.8, 10 mM magnesium acetate, 200 mM ammonium sulfate, 20% (w/v) 

sucrose, 1M imidazole). The resin was washed three times with HD-2 buffer for 6 

minutes each and then supernatant was removed and saved on ice. Pooled 

supernatants were dialyzed overnight in 750 ml HD-3 Buffer (50mM PIPES-KOH, 

pH 6.8, 10 mM magnesium acetate, 200 mM ammonium sulfate, 20% (w/v) 

sucrose, 0.1 mM EDTA, 2 mM dithiothreitol) with a buffer change occurring after 

two hours. The protein solution was centrifuged in ultracentrifuge at 100,000 g for 

15 minutes at 4°C to pellet aggregates. The supernatant was aliquoted out and 

stored at -70°C. The protein concentration was determined by the Bradford Assay 

(Bio-Rad) and activity determined by DMS footprinting and Primer extension. 

(discussed below) 
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PURIFICATION OF DOUBLE STRANDED OLIGONUCLEOTIDES 

Single stranded oligonucleotides (Invitrogen, see Table 4) were suspended 

to a concentration of 10µg/µl in Elution buffer (10mM Tris-Cl, 1mM EDTA, pH 

8.0). In a microfuge tube, 10µl of top strand and 10µl of bottom strand was mixed 

and heated 90OC for 10 minutes followed by heating at 50OC for 10 minutes. The 

annealed oligo was then cooled to room temperature and was mixed with 6X purple 

loading dye (New England Biolabs) and loaded onto a 10cm x 16cm x 0.2cm, 10% 

denaturing polyacrylamide gel (30:1 acrylamide: bisacrylamide) in 45mM Tris-

Borate, 1mM EDTA buffer and electrophoresed at 10V/cm for 2 hours and 30 

minutes. The gel was placed onto a Silica gel containing a fluorescent 

indicator(Whatman) and UV light was shined in order to see a pink band. The band 

was cut out from the gel and incubated in 125µl of 0.3M Sodium Acetate pH 4.5 

overnight at 37OC. An equal volume of phenol: chloroform was added to the sample 

and extracted followed by a chloroform: isoamyl alcohol extraction. The samples 

were then ethanol precipitated and resuspended in 30µl of molecular biology grade 

water. The resuspended sample was then purified through a 1ml Biogel P-6 biospin 

column. (BioRad) (column must be rinsed three times with 800ul of molecular 

biology grade water) and quantified using NanoDrop.  
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ELECTROMOBILITY GEL SHIFT ASSAY(EMSA) 

Table 4 describes all oligonucleotides used for EMSA. Oligonucleotides 

were labelled using NEB T4 PNK Kinase 5’ end labelling protocol. 5pmol of 

double stranded oligonucleotide, 1µl of PNK Buffer, 1.6µl of g32P-ATP, and 5 units 

of enzyme in 10µl reaction were incubated at 370C for 30minutes followed by an 

inactivation at 700C for 10 minutes. 15µl of NERL water was added and then the 

sample was spun through a 1ml Biorad Biogel P-6 Biospin column that had been 

equilibrated with 1X SSC buffer (0.15 M sodium chloride, 17.5 mM sodium citrate, 

pH 7.0, 0,02% sodium azide). 100µl of water was added to each sample and then 

1µl of the sample was mixed with 5ml scintillation fluid and counts per 

minute(cpm) was measured using a Beckman scintillation counter. Sample should 

ideally range between 30,000 and 50,000cpm.  

Gel shift reactions were set up on ice in a master mix containing 20mM 

HEPES-KOH, pH 8, 2.5 mM magnesium acetate, 1mM EDTA, 500µM 

dithiothreitol, 100µM ATP, 50µg BSA, 0.2 % Triton X-100, 5% glycerol, 100ng 

dIdC and 22.5mM sodium chloride. 4nM of end labelled template was incubated 

with various amounts of E.coli DnaA-ATP (10:1 to 62.5:1) for 7minutes at 370C. 

12.5µl of each reaction was resolved on a pre-casted 16cm x 20cm x 0.2cm native 

7% polyacrylamide gel(11.7ml 30% acrylamide, 5.8ml 2% bisacrylamide, 2.5ml 

5X TBE, 5ml 25% Glycerol and 27.5ml NERL water, 400µl 0.1% APS and 40µl 

TEMED). Prior to resolving the samples, the gel was poured and allowed to 

polymerize for atleast 1 hour followed by pre-warming the gel at 155V for 1 hour 
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in 22.5mM Tris-Borate and 0.5mM EDTA, pH 8.0 buffer at 16.5 V/cm for about 3 

hours 30minutes at 40C. Gels were then dried and exposed on Bio-Rad phosphor-

imaging screen and then viewed the next day using a BioRad phosphorimager and 

analyzed using Quantity One software. 

Table 4. List of oligonucleotides used for EMSA 

Primer* Sequence (5'-3') 

ADP1 R1-R2 CAGTCATTGGTGTGGAATAGTCATT
TTTAAATTTAAAAACCATAGATTTA
TATTGTGGATAAGTAGATCGCA 

ADP1 R2-R4 CAGTCATTGGTGTGGATAACTGTGT
TTTTATTTGTTTTATGCTTTGTGGAT
AAGTAGATCGCA 

*Top strand only 

 

INVITRO DIMETHYLSULPHATE(DMS) FOOTPRINTING AND PIPERIDINE 

TREATMENT 

Reactions were set up with master mix containing 40mM HEPES-KOH, pH 

7.6, 5mM ATP, 8mM magnesium chloride, 0.32 mg/ml BSA and 30% Glycerol, 

300fmol purified supercoiled DNA, sterile molecular biology water, and E.coli 

DnaA to a final volume of 50µl. Samples were incubated at 380C for 7 minutes 

followed by addition of 6µl of 1.4% Dimethyl sulfate (Diluted in water) and further 

incubated for 5min at 380C. Reactions were stopped with 200µl of ice cold DMS 

stop solutions ( 3M ammonium acetate, 1M b-mercaptoethanol, 250µg/ml tRNA, 

20mM EDTA) and 600µl of 95% ice cold ethanol. The samples were precipitated 

overnight at 200C or for 1 hour at -700C. The pellet was resuspended in 100µl 10% 
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Piperidine and incubated at 900C for 30 minutes. The samples were then placed on 

ice for atleast 5 minutes and then passed through 1ml Biogel P-6 columns (BioRad) 

equilibrated with 1X SSC (0.15M Sodium chloride, 17.5 mM sodium citrate, pH 

7.0, 0.02% sodium azide). Samples were either used immediately or stored at -200C 

until used for primer extension.  

 

ALKALINE PRIMER EXTENSION 

Primers used for alkaline extension are listed below (Table 5). Primers were 

end labelled with [g32-P] ATP, 6000 µCi/mmol (Perkin Elmer) by adding 3.13µl 

of radioisotope to a 25µl reaction containing 1X T4 PNK Buffer, 1µl T4 PNK 

enzyme, molecular grade water and 20pmol of primer. Reactions were incubated at 

370C for 1 hour followed by inactivation at 700C for 10 minutes. Labelled primers 

were then spun down through a 1ml Biogel P6 columns equilibrated with 1X SSC. 

1µl of radiolabeled primer was added to 5ml of scintillation fluid and counts per 

minute(Cpm) were determine by using Beckman Scintillation counter. Cpm of over 

500,000 were considered ideal for a footprinting reaction. 

Thirty-five microliters of Piperidine treated samples was mixed with 4µl of 

100mM sodium hydroxide. Under proper radioactive protection, 1µl of respective 

radiolabeled primer was added, and the samples were then incubated at 800C for 2 

minutes. The samples were then cooled on ice for 5 minutes. 5µl of 10X TMD 

(0.5M Tris-HCl, pH 7.2, 0.1 M magnesium sulfate, 2mM dithiothreitol) was added 

to each sample and incubated at the respective annealing temperature (Primer Tm - 
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50C). Following this, samples were again cooled on ice for 5 minutes. 5µl of 5mM 

dNTPs was added to each sample. NEBuffer 2(New England Biolabs) was diluted 

1:10 with NERL water and 2µl of Klenow DNA polymerase 1 was added. 1µl of 

Klenow mixture was added to each sample, avoiding any air bubbles, and incubated 

for 12 minutes at 500C. Reactions were stopped by the addition of ice cold quench 

solution (10mM Tris-HCl, pH 7.5, 5mM magnesium chloride, 7.5mM 

dithiothreitol) and precipitated with the addition of ice cold 190µl of 95% ethanol. 

Samples were precipitated overnight at -20°C. Samples were then pelleted at 19500 

g for 20 minutes at 4°C, supernatant was removed using a pipette, and 40 µl of 70% 

ethanol was added. Samples were pelleted again at 19,500g for 5 minutes and then 

ethanol was removed and samples air dried for 20 minutes. Pellets were 

resuspended in 6µl of footprint tracking dye (90% formamide, 20 mM EDTA, 0.5% 

(w/v) bromophenol blue, 0.5% (w/v) xylene cyanol). Pellets were difficult to 

resuspend and needed to be incubated at 42°C for 2 minutes and then scraped across 

a microfuge rack or vortexed aggressively (this was repeated at least 3 times) before 

incubating at 80°C for 5 minutes. Extended samples were run on a 34 cm x 39.5 cm 

x 0.044 cm thick, 6% denaturing polyacrylamide sequencing gel (66 ml of UreaGel 

System Diluent (National Diagnostics), 24 ml of UreaGel concentrate (National 

Diagnostics), 10 ml of 10X TBE) in 90 mM Tris-Borate, 2 mM EDTA, pH 8.0 at 

55 Watts until 20 minutes after the bromophenol blue dye ran off the gel. Gels were 

dried and exposed on Bio-Rad phosphor-imaging screen and then examined using 

a BioRad Phosphorimager and Quantity One Software. Background in each lane 
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was subtracted by using the rolling disk method. Band intensities were obtained for 

each lane. Relative band intensities for each footprinted site was determined by 

comparing band intensities of G2 and G4 bands of the DnaA binding site to the 

total band intensities of each lane. The relative intensities obtained were normalized 

to the same bands in 0nM DnaA lane and graph was plotted using GraphPad 

software that also did the statistical analysis. Site cataloging based on affinities was 

done by comparing binding patterns at each DnaA concentration based on analysis 

done in Grimwade et al. 2000. 

 

Table 5. Primers used for Alkaline Primer extension 

Primer	ADP1	49-66	(for	sites	229	and	264)	 5’-CGC	AAT	CTT	TAC	GCT	GTC	

Primer	ADP1	175-203	(for	site	299)	 5’-	CTA	ATT	CTT	TCA	ATT	TAC	AAT	CAT	TTT	

TTG	

Primer	ADP1	375-380	(for	site	480	and	500)	 5’-	CTT	ATT	AGG	GAC	GCT	TTT	TTC	TG	

Primer	 ADP1	 471-448(for	 AT	 rich	 region,	

site	379)	

5’-	CTC	AAA	GTT	ATC	CAC	AAA	GCA	TA	

Primer	 ADP1	 540-512	 (for	 sites	 422	 and	

457)	

5’-	CTC	GCA	CAA	TAA	ATT	TAA	ATT	CAC	ACC	

A	

Primer	ADP1	673-656	(for	site	584)	 5’-	CCA	AAG	CAT	GTG	AAT	CCC	
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HETEROLOGOUS oriC TRANSPLANTATION INTO E. coli 

An overnight culture of ACL402 was grown in Luria-Bertani (LB) broth, 

pH 7.0 (10 mg/ml tryptone, 5 mg/ml yeast extract, 10 mg/ml sodium chloride) 

supplemented with 10µg/ml thymine at 32°C overnight in the presence of 

antibiotics kanamycin (30 µg/ml) and chloramphenicol (12.5 µg/ml). Next day, a 

culture was started by inoculating 450 µl of overnight culture into 45 ml of fresh 

LB 1055 media with thymine and allowed to grow at 32°C with shaking until an 

O.D.600 of 0.4 was reached. The cells were transferred to a pre-warmed flask at 

42°C water bath for induction of lambda RED genes with shaking for 15 minutes. 

The culture was chilled on ice for 10 minutes and pelleted at 4°C for 10 minutes in 

Sorvall SA-600 centrifuge at 7000 rpm in pre-chilled centrifuged tubes. The pellet 

was washed with 31 ml of sterile cold water and centrifuged again at 4°C for 10 

minutes at 7000 rpm. The pellet was resuspended in 1ml sterile cold deionized 

water and flash spun in Sorvall MC-12 for 30 seconds. The pellet was resuspended 

in 200µl of sterile cold deionized water and split into four microfuge tubes each 

containing 50µl of induced cells. If needed, the cells were mixed with 12µl of 50% 

sterile glycerol for storage at -70°C. 

To generate PCR fragments of ADP1 oriC or its derivatives (mutants or 

deletions), a PCR amplification reaction was setup using primers listed in Table 3. 

The reaction was as follows 1µl plasmid (100 ng/µl) or 1µl ADP1 genomic DNA 

(5 ng/µl) as required, 1 µl top primer (25 pmol/ µl), 1 µl bottom primer (25 pmol/ 

µl), 25 µl 2X Taq, and NERL water to a final volume of 50 µl. The program cycle 
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used was 95˚C for 30 seconds; 30 cycles of 95˚C for 30 seconds, 55˚C for 30 

seconds, 68˚C for 4 minutes followed by final extension at 68˚C for 6 minutes. The 

PCR product was then digested with Dpn1 (NEB). The digested PCR product was 

purified (IBI Scientific PCR purification kit) and resolved on 1% agarose gel and 

run in 90 mM Tris-Borate, 1 mM EDTA at 13 V/cm, stained in 0.5 ug/ml ethidium 

bromide and examined using Bio-Rad ChemiDoc and Quantity One software. The 

product was quantified by using NanoDrop. 50 µl of the electro-competent cells 

were electroporated with 100 ng PCR amplified product followed by an immediate 

recovery in 1 ml LB broth (with thymine). The sample was allowed to outgrow at 

32°C overnight by addition of 9ml LB Thy 1055 broth. All the recovered cells were 

serially diluted to 10-4 and plated on kanamycin sucrose plates. The colonies 

obtained were checked for chloramphenicol sensitivity and sucrose resistivity.        

The colonies were checked for their sequence by colony PCR using primers 

OR9 and OR10(see Table 3).  A reaction was set up with 1 µl OR9 primer (25 

pmol/ µl), OR10 (25pmol/µl), 25 µl 2X Taq, sample colony (diluted in water), and 

NERL water to a final volume of 50 µl. The program cycle used was 95˚C for 30 

seconds; 35 cycles of 95˚C for 1 minute, 55˚C for 1 minute, 68˚C for 4 minutes 

followed by final extension at 68˚C for 4 minutes. The PCR product was resolved 

on 1% agarose gel and run in 90 mM Tris-Borate, 1 mM EDTA at 13 V/cm, stained 

in 0.5 ug/ml ethidium bromide and examined using Bio-Rad ChemiDoc and 

Quantity One software. The colonies were also verified by sequence analysis 

(Genewiz).  
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IN-VIVO oriC FUNCTION ASSAY 

Recombinants (wild type ADP1 oriC, mutant ADP1 oriC and oriC :: 

catsacB) were transformed with plasmids expressing dnaA, dnaA + copA (repressor 

for plasmid R1 origin) and copA alone. Transformants were selected based on their 

ability to grow on LB plates containing 100µg/ml Ampicillin. Function was 

evaluated based on relative transformation efficiencies with E.coli WT oriC. 

 

PHAGE PREPARATION AND P1 TRANSDUCTION 

P1 transducing phage stocks were prepared from the recombineering strain 

of ADP1 oriC or its derivatives by inoculating 50 µl overnight culture in 5 ml LB 

Thy media. This was followed by addition of 0.2% glucose and 5 mM calcium 

chloride and incubation for 1 hour at 32°C.  Phage P1 was added to the culture and 

incubated at 32°C for 3 hours until the cells lysed. 100 µl chloroform was added 

and lysate was vortexed and centrifuged at 4000 rpm for 10 minutes. The 

supernatant was transferred to a sterile tube and stored at 4°C. 

For transduction, 1.5ml overnight culture of KB02 (oriC::pKN156, 

asnA::cat, asnB::tet) was centrifuged at 14000 rpm for 10 minutes and the pellet 

was resuspended in 0.75ml P1 salt (5 mM CaCl2 and 10 mM MgSO4). 0.1 ml cells 

were the mixed with various concentrations of phage (10µl, 50µl, and 100µl) and 

incubated at 37°C for 30 minutes. The cells were mixed with 1 ml LB media and 

incubated again at 37°C for 1 hour. The cells were centrifuged and washed with 

minimal media and plated on minimal media plates (minimal salts, dextrose 100 
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µg/ml, 1 mM MgSO4, and 12.5 µg/ml tetracycline). Plate with cells only and lysate 

only plates were used as controls. The cells were allowed to grow for 24 – 36 hours 

at 37˚C. The colonies obtained were streaked on fresh plates and checked by colony 

PCR using primers OR9 and OR10. The mutation was also verified by sequence 

analysis. 

 

CELL CYCLE RUNOUTS AND FLOW CYTOMETRY ANALYSIS 

MG1655 (wildtype E.coli oriC and ADP1 oriCs) were grown in minimal 

media (Kaur et al., 2014) supplemented with 0.1% glucose, 0.1% uracil, 0.1 % 

casamino acids to OD450 of ~0.2 at 37°C. Followed by addition of 300 µg/ml 

rifampicin and 15 µg/ml cephalexin and continued incubation for 4 hours. 1 ml of 

drug treated samples were fixed in 70% ethanol. Prior to flow cytometry analysis, 

1 ml of the ethanol fixed samples were pelleted and washed with 50 mM Tris-Cl, 

pH-7.5, 150 mM NaCl (TBS) before resuspending in 1 ml TBS containing 0.5 µl 

Vybrant DyeCycle Green (Invitrogen/Molecular Probes). 3000-5000/ml of the 

stained cells were analyzed using an Accuri C6 personal flow cytometer, and data 

from 10,000 cells were collected.  
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RESULTS 

E. coli and Acinetobacter baylyi (ADP1) oriC SHARE LITTLE APPARENT 

SIMILARITY 

Little is known about ADP1 oriC, but it is easily identified as a distinctive 

cluster of DnaA recognition sites (Gao et al.2013) positioned between dnaA and 

rpmH on the ADP1 chromosome (coordinates 3598209-201 on the genomic map).   

Cursory examination of the nucleotide sequence reveals differences in the size of 

the oriC regions (591 bp for ADP1 vs. 269 bp for E. coli).  ADP1 carries nine DnaA 

recognition sites compared to three (R1, R2, and R4) in E. coli (compare Figures 2 

and 7).  Six of these, at positions 299, 422, 457, 479, 502 and 585, are perfect 

consensus sites identical to the R1 and R4 boxes in E. coli and are expected to bind 

to DnaA with high affinity, reviewed in (Leonard and Grimwade 2015).  The 

remaining three sites deviate from R1/R4 at one or two positions. The recognition 

site at position 164 is identical to E. coli R2 box, which is also a high affinity site, 

but slightly lower than R1/R4 (Kd in the range of 4–20 nM). The site at position 

229 carries a T at position 4, which differs from the G usually found at this position 

in E. coli recognition sites.  It is unclear whether this base change will affect DnaA 

binding. The site at position 379 is also different from E. coli perfect consensus 

sites with A/T replacements at both positions 7 and 8.  Again, since no equivalent 

exists in E. coli, it is difficult to anticipate the affinity for DnaA.  Spacing of sites 

within these oriCs also differ.  E. coli’s three “R boxes” are separated by 97 and 64 

bases, respectively. The equivalent ADP1 sites are separated by about 60 bases,  
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Figure 7. Nucleotide sequence of Acinetobacter baylyi (ADP1) oriC. Presumptive 
DnaA binding sites that are a match or near match to consensus 5’-TTATCCACA 
are marked with blue underlines. Nucleotides highlighted in red are E. coli DUE 13 
mer-like motifs (similar to 5’-GATCTnTTnTTTT). Nucleotide sequences 
underlined with green are AT-rich and also possible DUEs. 
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with the exception of the three sites between coordinates 430-510 whose spacing is 

25 bases or less.   

Recognition sites may face in either direction within the origin.  In E. coli, 

all recognition sites in the right half of the origin (R2-R4) face in the same direction 

(arbitrarily deemed leftward).  In the left half, all the sites are oriented in the 

opposite direction.  In ADP1 oriC, there is some clustering of sites in the same 

orientation, but not with the right-left symmetry seen in E. coli.  Sites in the far left 

and right locations are predominantly left facing, with a centrally located module 

of three sites facing to the right.  It is not yet clear whether site orientation plays 

any role in orisome assembly as is the case in E. coli (Rozgaja et al. 2011).  

The arrayed low affinity sites in the E. coli oriC gap regions (four sites on 

either side of R2) do not appear to exist in ADP1, although low affinity recognition 

sites that differ from consensus at two or more positions can be difficult to identify 

without a direct assay for binding.  Although partial arrays cannot be ruled out by 

examining ADP1 oriC sequence alone, the need for proximal high affinity 

recognition sites to load these arrays limits the locations where low affinity sites 

can be placed.  The lack of low affinity arrays, which include DnaA-ATP 

preferential recognition sites in E. coli, raises questions about the ability of ADP1 

oriC to couple the initiation step to DnaA-ATP. 

The location of the DNA unwinding element (DUE) in ADP1 oriC is 

unknown. While the DUE of E. coli oriC is distinguished by three 13 mer repeat 

motifs to the left of R1, it is unclear whether equivalent features are found in ADP1, 
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although potential candidates are noted (Figure 7) between bases 20-169. The 

central region of ADP1 oriC also contains two unusual A-T rich motifs that do not 

exist in E. coli (see Figs. 2 and 7).   One 45 bp region is 96% A-T (bases 320-364) 

and is flanked by DnaA recognition sites.  The second region (bases 391-407) is 

100% A-T rich, but may be too small to be a DUE if E. coli is used as a model.    

While the larger A-T rich region does not have the same information content as the 

E. coli 13 mers, it cannot be ruled out as a DUE without further investigation. 

The ADP1 oriC region also lacks the twelve GATC sequences that are the 

hallmark of E. coli's DNA methylation-dependent, post-initiation regulatory system 

(Brézellec et al.2006).  In fact, there is only one GATC within the entire ADP1 

oriC region (see fig 7 position 26).  Since GATC is the target for the 

hemimethylated DNA binding protein, SeqA (Campbell and Kleckner, 1990), 

which sequesters E. coli oriC for 1/3 of the cell cycle to prevent re-initiations, this 

regulator is unlikely to exist in ADP1 and a homolog to SeqA has yet to be reported. 

The placement of ADP1 oriC directly adjacent to dnaA is common for most 

bacteria.  E. coli and its close relatives are exceptions with dnaA displaced from 

oriC by over 420K bp.  The proximal location of the ADP1 dnaA promoter to oriC 

raises concerns since DnaA recognition sites in the right side of oriC may be used 

for transcription regulation (autoregulation) rather than to assemble the orisome 

(Braun et al. 1985).   

It is also important to note some similarities and differences between the 

regulators of the DNA replication initiation step in E. coli and ADP1.  Three (I, III 
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and IV) of four ADP1 and E. coli DnaA protein domains are moderately conserved 

(46%), but the flexible arm of domain II shows greater divergence and the ADP1 

DnaA domain II is shorter by 8 amino acids.  The replisome-associated regulatory 

protein Hda, responsible for the inactivation of DnaA-ATP to the inactive DnaA-

ADP form in E. coli (Katayama et al. 1998, Katayama and Sekimizu 1999, 

Katayama et al. 2010, Keyamura and Katayama, 2011) is present in ADP1 

(Robinson et al. 2010), suggesting that DnaA-ATP levels are regulated in a similar 

fashion in both bacterial types.  So far, the replication fork proteins in these two 

strains appear to be comparable (Robinson et al. 2010). 

 

ADP1 oriC IS A FUNCTIONAL CHROMOSOMAL REPLICATION ORIGIN IN 

E. coli  

To test the E. coli heterologous transplant system described in the 

Introduction, oriC was isolated from ADP1 genomic DNA samples using 

Polymerase Chain reactions with primers that also carried homology to E. coli DNA 

proximal to either side of the native oriC (mioC and gidA sides) (Figure 8, A to C).  

The ADP1 oriC (oriCADP1) and oriC plus dnaA(oriC-dnaA) ADP1 were then inserted 

in both possible orientations as a seamless oriC insertion by recombineering (see 

Materials and Methods and Figure 6) and verified by nucleotide sequence analysis.  

Since the recombineering strain lacks any functional E. coli oriC DNA, (it was 

replaced by a chloramphenicol resistance-sacB gene cassette) the only active 

chromosomal origin in the transplant host was carried by an integrated copy of the  
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Figure 8. Map of ADP1 oriC transplants.  The two possible orientations as shown 
in (A) and (B) and the splice sites are noted. (C) The orientation of transplantable 
(oriC-dnaA) ADP1. The alternative orientation was not recovered. ADP1 dnaA is 
shown as a grey striated rectangle. All three constructs were inserted proximal to 
the E. coli genes gidA and mioC, shown as yellow and green boxes respectively. 
Direction of gene transcription is shown by red arrows. Blue boxes indicate DnaA 
binding sites that are a perfect match to the consensus 5’-TTATCCACA and purple 
boxes indicate sites that are mismatched at one or more positions.  Numbers 
indicate site positions shown in Fig 7. Black arrows indicate orientation of the sites 
and possible direction of growth of DnaA oligomers. 
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R1 plasmid replication origin.   The transplantation host was unaffected by the 

presence of the ADP1 oriC and oriC plus dnaA, in the orientation that places dnaA 

adjacent to mioC.  However, it was not possible to recombineer the oriC plus dnaA 

region into the chromosome in the opposite orientation, although it is not clear why 

this configuration was detrimental to host survival.   None of the ADP1 oriC 

constructs were expected to function under these circumstances since the host lacks 

any DnaA protein (R1ori does not require DnaA as an initiator protein).  Although 

ADP1 oriC function was not expected even in the presence of E. coli DnaA, a 

function test was performed.  A plasmid expressing the R1-encoded replication 

repressor, (an antisense RNA termed CopA), and the full E. coli dnaA gene 

expressed from its own promoter was introduced into the transplant strains by 

chemical transformation.  Although the copy number of the E. coli dnaA is higher 

in this configuration than would normally be found for the chromosomal copy, the 

effect on E. coli oriC is only a modest increase in oriC copies (Skarstad et al. 1989, 

Løbner-Olesen et al.  1989).  As shown in Figure 9, without any chromosomal oriC, 

the presence of the extrachromosomal CopA or CopA and DnaA blocked transplant 

host growth due to the shutdown of R1ori by its repressor (no colonies obtained 

following plasmid transformation).  When E. coli oriC was retained on the 

chromosome, the host strain was only viable when DnaA was expressed in the 

presence of CopA to activate the origin (Figure 9).  Unexpectedly, the ADP1 oriC 

and ADP1 oriC-dnaA replacement showed that the expression of E. coli DnaA, but  
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Figure 9. oriCADP1 is active in E. coli. Transplant strains  (zia::pKN500, DdnaA) 
with oriCEC (black bars), oriCADP1(striated bars), (oriC+dnaA)ADP1(dark grey bars), 
or cat-sacB (light gray bars) at the oriC position were transformed with a plasmid 
expressing CopA alone or CopA and E.coli DnaA and colonies were counted after 
18 hours at 32oC.  Transformation efficiencies were normalized relative to the 
efficiency obtained for oriCEC.  Samples marked by * contained no transformants. 
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not CopA alone, rescued the host, a result that would be expected only if ADP1 

oriC was activated by E. coli DnaA. 

Since the E. coli origin transplant strain carried the RED recombineering 

genes, there was a possibility that unknown recombination events occurred during 

the introduction of oriCADP1 and these events might be responsible for conferring 

function to the heterologous ADP1 origin.   In order determine whether oriCADP1 

activity was strain specific, and to better evaluate the effect of the heterologous 

origin on E. coli growth, a host strain lacking recombineering and R1 oriC was 

constructed.  To achieve this, oriCADP1 was transferred into a new non-RED strain 

using P1 bacteriophage transduction.  By using the oriC-proximal asparagine-

synthase gene as a selective marker, oriCADP1 was co-transduced into an MG1655 

background with mutations only in asnA and asnB (see strain KBO2 in Materials 

and Methods).  The oriCADP1 was easily transduced into MG1655 as the oriC 

replacement as would be expected if the gene products expressed by a wild-type E. 

coli were sufficient for the function of the heterologous oriC.  MG1655 with its 

native oriC (oriCEC) and with oriCADP1 were compared for growth rate, DNA 

content, and cell size distribution (Fig-10 A, Fig 23 below).  These parameters 

showed only minor differences between the two strains as would be expected for 

origins with similar activity.  The presence of oriCADP1 did not raise DNA content 

(the chromosome did not over-initiate) and did not interfere with cell division 

(absence of filaments) or accumulation of mass since cells were similar in size.  
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Figure 10. Effect of oriCADP1 on MG1655 E. coli growth parameters. (A) Cell size 
distribution was determined by flow cytometry (forward light scatter). MG1655 
chromosomes were replicated from either E. coli oriC (oriCEC; black), ADP1 oriC 
(oriCADP1; red) or ADP1 oriC returned to E. coli oriC (oriCADP1>EC ; blue). (B) DNA 
content was determined by flow cytometry by measuring fluorescence (Vybrant 
Green dye) of exponentially growing MG1655 cells as describe in (A). Cells were 
grown in minimal media supplemented with glucose and Casamino acids. 
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Slight decrease in DNA content as well as growth rate were measured (Fig. 10B, 

Fig 23). 

It was possible that the initiation of replication from oriCADP1 was not 

dependent on E. coli DnaA and behaved similarly to the R1 plasmid oriC even 

though there are DnaA recognition sites identified in the origin region.  Some E. 

coli plasmid origins are known to carry DnaA recognition sites even though they 

do not require DnaA (Betteridge et al. 2004).  To test this possibility, a conditional 

lethal, temperature sensitive dnaA mutation (dnaA46) was transduced into the 

oriCADP1 strain and cell growth was examined at the permissive (25oC) and non-

permissive temperatures (42oC).  DnaA46 carries two different mutations: 

alanine184 to valine (A184V) and histidine252 to tyrosine (H252Y) (Hansen 1992, 

Hansen 1995, Carr and Kaguni 1996) that result in defective nucleotide binding and 

oligomerization at the non-permissive temperature and this is the inactivating 

feature.  As is the case for oriCEC, cells initiating from oriCADP1 were only able to 

grow at the permissive temperature, consistent with both origins requiring E. coli 

DnaA activity to function.   Including ADP1 dnaA with the oriCADP1 on the E. coli 

chromosome was not sufficient to rescue origin function at the non-permissive 

temperature using the dnaA46 strain. (Fig 11).  Based on this result, ADP1 DnaA 

was not likely compatible with the rest of the E. coli replication machinery or was 

not made at correct levels when residing in E. coli. 

It was also possible that oriCADP1 function in E. coli strains required a 

spontaneous mutation elsewhere on the genome, such as the suppressor mutations  
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Figure 11. Initiation from oriCADP1 requires E.coli DnaA. Growth of MG1655 
dnaA46ts with chromosomes replicating from either oriCEC, oriCADP1 or 
(oriC+dnaA) ADP1 was compared at 25oC (permissive) and 42°C (non-permissive) 
temperatures.  Spread plates were incubated for 18 hours and colony forming units 
(cfu) were counted in three separate experiments (triplicate plates in each 
experiment). Error bars show the SD of the average total cfus in three experiments. 
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seen in E. coli cells that over-initiate chromosome replication (Fujimitsu et al. 2008, 

Charbon et al. 2011).  Although whole genome sequence analysis is necessary to 

absolutely rule out this possibility, a less expense alternative was to return the 

oriCADP1 on transplant strains to their native oriCEC (oriCADP1>EC) with the 

expectation that a mutation that was required to support the transplanted origin 

would perturb cell behavior when the native E. coli origin was returned.  Following 

the replacement with the native origin, the E. coli cells were indistinguishable from 

the original E. coli before oriCADP1 transplant (Fig. 10A, 10B and Fig 23).  In 

addition, the proper coupling of replication timing to the cell cycle, which was not 

observed for oriCADP1, was returned when the origin was replaced by the native 

version (see below, Figure 23C).  

Finally, oriCADP1 function as an extrachromosomal copy was examined.  It 

is known from studies with mutant versions of E. coli oriC, that some mutations 

that inactivate oriC residing on a plasmid do not affect oriC on the chromosome 

(Weigel and Messer, 2000).  To date, there is also no evidence for heterologous 

oriC function on a plasmid copy in E. coli unless the origin is from an extremely 

close relative with almost identical nucleotide sequence (Koch et al. 2010).  Since 

oriCADP1 may be an exception to these previous studies, chimeric plasmids carrying 

the pBR322 origin and oriCEC or oriCADP1 were introduced into a polA (DNA 

polymerase I defective) strain or its isogenic (polA+) parent by chemical 

transformation, and the relative numbers of plasmid-containing cells were 

compared. Since pBR322 origins cannot function without DNA polymerase I  
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Figure 12. oriCADP1 does not replicate as a cloned plasmid origin in an E. coli polA 
strain. Either oriCEC or oriCADP1was inserted into pMiniT (ori pBR322) and 
chimeric plasmids or pBR322 were transformed into E. coli strain W3110 or 
W3110 (polA1; P3478). Colonies were counted on spread plates grown for 18 hours 
at 37oC and transformation efficiencies were calculated. Relative transformation 
efficiencies were normalized to the transformation of W3110 by the oriCEC 
chimeric plasmid.  The * designates zero transformants. 
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activity, plasmid replication becomes dependent on the cloned chromosomal origin 

if the origin does not require DNA polymerase I, as is the case for oriCEC.  As 

expected, plasmids carrying the wild type oriCEC were able to function in polA 

strains allowing for colony formation on antibiotic-selection plates (Fig 12). 

Plasmids carrying the oriCADP1 were unable to support host growth under identical 

conditions (Fig 12).  Based on this result, oriCADP1 is non-functional in E. coli when 

in a plasmid-borne location, or oriCADP1 function is absolutely dependent on DNA 

polymerase I activity. This distinction will require further testing. 

Based on these results, the E. coli DnaA is able to expand its activity to the 

oriCADP1 and assemble an orisome using a completely different instruction set.  This 

expansion of DnaA activity to a less related heterologous type has not been 

observed previously for any other bacteria.  Additionally, the oriCADP1 must also 

be compatible with the other E. coli proteins required to assemble new replication 

forks, including the DNA helicase (DnaB) and the DNA helicase loader (DnaC).   

 

E. coli DnaA BINDS TO ADP1 oriC 

Since ADP1 oriC is a functional origin on E. coli chromosomes, and is 

dependent on the presence of active DnaA, it was expected that the binding of 

purified E. coli DnaA would be detected using ADP1 oriC supercoiled DNA 

templates.  However, ADP1 oriC DnaA recognition sites might interact with the E. 

coli DnaA with different affinities than expected using E. coli oriC as a model, and 

ADP1 DnaA might also interact with its cognate origin in a different fashion.  To  
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Figure 13. Plasmid oriCADP1-pMiniT. The positions of the plasmid replication 
origin, ori pBR322 (purple), Ampicillin resistance gene (Ampr, green) and oriCADP1 
(red) are shown. The cloning vehicle originally carried a constitutively expressed 
toxic mini-gene which was inactivated by the insertion of the ADP1 oriC DNA 
fragment into the vector. 
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begin an evaluation, Dimethylsulfate (DMS) footprint analysis was performed 

using purified E. coli DnaA and supercoiled oriCADP1 DNA.  DMS methylates 

guanosine residues which then become sensitive to cleavage by piperidine.  DnaA 

binding changes DMS accessibility to guanosines within the recognition site, and 

these changes are well-characterized for E. coli oriC (Grimwade et al. 2000).  As 

DnaA levels are increased, guanosines in position four of the 9 mer DnaA 

recognition sequence become hypersensitive to methylation, while the guanosines 

at position two become less accessible to methylation resulting in a suppression of 

signal (Grimwade et al. 2000).   Supercoiled ADP1 oriC template (see Fig. 13) was 

incubated with increasing levels of DnaA, treated with DMS, and modified G bases 

were then cleaved with piperidine.  The fragments were templates for radiolabeled 

primer extension assays to identify the degree to which downstream DNA was 

cleaved, revealing the footprint.  By using primers specific for different regions, the 

entire oriCADP1 was evaluated.   

DnaA binding was detected at all of the sequence-identified DnaA 

recognition sites and these all showed the expected enhancement/suppression 

pattern at G bases (Figure 14A-B, 15A-C).  Six of the nine perfect R box sites (299, 

422, 457, 480, 500 and 584) were high affinity sites with affinities for DnaA similar 

to that of E. coli R1/R4 Grimwade et al.2000).  Remaining sites bound with 

intermediate or low affinity.  

The affinity for DnaA observed for the site at position 379 is unusually low 

compared to other near-consensus recognition sites (see Fig 15A and graph of  
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Figure 14. E.coli DnaA binds to specific sites in oriCADP1 (bps 156-375) . In vitro 
DMS modification patterns after incubating supercoiled oriCADP1 DNA with 
indicated concentrations of E.coli DnaA.  DMS modifications were detected by 
primer extension (A) DnaA binding at recognition site positions 164 and 229, (B) 
DnaA binding at recognition site positions 299.  Altered Guanosine residues due to 
DnaA binding are marked. Relative intensities of DMS modified guanosine 
residues were obtained by densitometric scans. 
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Figure 15.  E.coli DnaA binds to specific sites in oriCADP1 (bps 375-600). In vitro 
DMS modification patterns after incubating supercoiled oriCADP1 DNA with 
indicated concentrations of E.coli DnaA.  DMS modifications were detected by 
primer extension (A) DnaA binding at recognition site positions 379, 422 and 457, 
(B) DnaA binding at recognition site positions 480 and 500.  (C) DnaA binding at 
recognition site position 584.  Altered Guanosine residues due to DnaA binding are 
marked. Relative intensities of DMS modified guanosine residues were obtained 
by densitometric scans. 
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binding affinities for all sites) and was unexpected based on nucleotide sequence 

and the behavior of similar sites in E. coli oriC, although this exact sequence is not 

found in the E. coli origin (Grimwade et al.2000, Rozgaja et al. 2011).  The A/T 

base changes at positions 7 and 8 from consensus have clear importance for site 

affinity.  In oriCEC, the 7 position is usually T or C and the 8 position is usually A 

or G.  Further studies will be required to determine whether both changes are 

necessary to reduce site affinity.   Low affinity sites are of particular interest 

because they play important regulatory roles during E. coli orisome assembly 

(Grimwade et al. 2007). 

Based on the footprints, it is possible to predict the order of recognition site 

occupation of ADP1 oriC by E. coli DnaA (Fig 16).  There is little affinity 

difference among recognition sites at 480 and 584.  Based on our knowledge of E. 

coli oriC, the DnaA occupying these sites may form the ADP1 version of the 

bacterial origin recognition complex (Nievera et al. 2006, Miller et al. 2009).  From 

this bORC, a higher order orisome is expected to be formed and this could include 

occupation of sites 229, 299, 379, 422 and 456.  However, some of the high affinity 

recognition sites may play roles that are not related to ADP1 oriC function and it is 

necessary to identify the minimal DNA required (see below).   From the bORC 

stage, oriCADP1 is expected to proceed through orisome assembly by filling lower 

affinity sites that would certainly include position 379, if it is included in the 

minimum DNA required for origin function. 
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Figure 16. Predicted order of DnaA recognition site filling in oriCADP1.  The 
downward facing black arrow indicates the progressive site occupation by E.coli 
DnaA-ATP (green hexagon). Blue boxes indicate DnaA binding sites that are a 
perfect match to the consensus 5’-TTATCCACA and purple boxes indicate sites 
that are mismatched at one or more positions.  Numbers indicate site positions 
shown in Fig 7. Site orientation is indicated by arrowheads.  The order of site filling 
was determined by comparing DMS footprints at increasing DnaA-ATP 
concentrations (see Fig. 14 and 15). 
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IN VIVO DELETION ANALYSIS OF oriCADP1 REVEALS THE MINIMUM 

FUNCTIONAL SEQUENCE  

How much of the ADP1 oriC region is required for function in E. coli?  As 

previously described here, replication origins may contain dispensable DnaA-

regulated promoters, as well as DnaA recognition sites that serve as DnaA titration 

sites.  Thus, it is expected that some of the recognition sites in oriCADP1 will be 

required for fundamental origin function and other sites will serve a purely 

regulatory role.  This distinction is particularly important in any attempt to identify 

shared targets for the inhibition of orisome assembly.  It is also important to note 

that the required recognition sites for E. coli function may be different than the 

requirement in ADP1 cells.  Similar deletion analysis of oriCEC showed that some 

versions retained in vivo activity but were crippled and could not support rapid cell 

growth.  For this reason, initial deletion analysis was performed on transplant 

strains growing in rich media. 

To determine the smallest oriCADP1 fragment that could support 

chromosome replication initiation and allow cell growth, a set of deletions was 

generated with truncations from one or both ends of the 661bp oriCADP1 region. 

Systematic oriCADP1 deletions (shown in Fig, 17) were made by PCR using primer 

sets (see Table 3 for primers, see Table 6 for bp).  Deletion versions were introduced 

into the E. coli chromosome as the sole oriC and tested for function using the 

previously described CopA-DnaA expression plasmids.  I identified 6 out 12 

oriCADP1 constructs that were viable as oriC transplants in E. coli cells (see Table  
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Figure 17.  Deletion mutants made in oriCADP1.  PCR fragments as noted above 
were transplanted into and assayed for function (see Table 6). Blue boxes are 
perfect consensus 5’-TTATCCACA and purple boxes indicate at least one 
mismatch. Potential DUE regions are marked (13 mer region and the AT rich 
region). Site orientations are indicated by black arrows.  
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Table 6. oriCADP1 contains dispensable DnaA binding sites. 
oriCADP1  
deletion 

Base 
pairs 

Relative  
Transformation 

efficienciesa 
 

Wild-type 661 1.0 

2-5 530 0.73 

2-10 409 0.75 

2-8 322 <0.001 

2-6 260 <0.001 

3-6 216 <0.001 

2-4 158 <0.001 

3-5 487 0.88 

4-5 409 0.91 

4-10 289 0.84 

4-12  221b 0.78 

4-8 202 <0.001 

6-5 295 <0.001 
a transformants of pcopA + DnaA in oriCADP1 deletion cells/ oriCADP1 cells 
b smallest functional fragment 
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6).  The largest deletion construct was a truncated version comprising 221 bp, 

lacking sites downstream of position 464 in the right half and also lacking sites 

upstream of position 299.  No overt differences in the growth of these derivatives 

was detected (data not shown), although there were slight differences in the 

numbers of transformants obtained following the introduction of the CopA and 

DnaA expression plasmid.  The reason for these differences in unclear. 

The smallest functional derivative, was a 221 bp fragment (see Fig. 17 and 

Table 6, ADP1 oriC 4-12).  This fragment must contain the required DNA 

recognition sites as well as the DUE necessary for minimal origin function in E. 

coli.  The minimal fragment contains four DnaA recognition sites from the central 

region of oriCADP1 as well as both the large and small AT- rich regions describe 

above.  The DnaA recognition sites that are dispensable are likely to play a 

regulatory role in ADP1 and will require further evaluation in that bacteria.  

Interestingly, the AT-rich regions on this fragment are flanked by DnaA recognition 

sites, (at position 299 and 379).  This arrangement is not observed in E. coli nor is 

it generally seen in members of the Gammaproteobacteria (Gao et al. 2013).   While 

DUE flanking by DnaA recognition sites is not observed for E. coli, the ADP1 oriC 

showed acceptable similarity with the three oriCEC DnaA recognition sites adjacent 

to the DUE region (see Fig 18).  Based on relative positional comparisons between 

the three DnaA boxes, the oriCADP1 sites were assigned values of R1, R2, and R4 

(see Fig 18).  The remaining ADP1 site was assigned R0.  Further studies below 

will specifically refer to these sites. 
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Figure 18. Alignment of oriCEC and oriCADP1minimal maps. (A) Map of oriCEC 

showing DnaA binding sites R1 and R4 (perfect consensus, blue squares) and R2 
(mismatch consensus, purple square). The DUE region is also marked. (B) Map of 
oriCADP1minimal 4-12 deletion showing the DnaA binding sites color coded as in (A). 
The AT-rich region proposed to be the DUE of oriCADP1minimal is shown. Site 
orientation is marked by black arrows. Numbers between sites indicate nucleotide 
spacing. 
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ALL DnaA RECOGNITION SITES ON oriCADP1minimal ARE REQUIRED FOR 

FUNCTION 

When either R0 or R4 were removed from oriCADP1 during deletion 

analysis, the origin became non-functional and caused the host to lose viability.  

However, based on this observation, it was not possible to assess a requirement for 

the internal sites R1 and R2 for origin function in E. coli. To determine whether 

DnaA binding was required at every recognition site on oriCADP1minimal, each site 

was inactivated individually by site directed mutagenesis.  DnaA non-binding 

mutations in R0, R1, R2 and R4, were initially constructed on a supercoiled 

oriCADP1 plasmid (see Materials and Methods) by changing purines to non-

complimentary pyrimidines, and vice versa. (Rozgaja et al. 2011). Once the 

mutations were verified by sequence analysis, the mutated oriC was introduced, as 

a PCR product, into the chromosome of the origin transplant host. OriC function 

was evaluated by returning CopA and DnaA activity to these cells.  

E. coli cells with the wild-type E. coli oriC or wild-type oriCADP1minimal grew 

under CopA and DnaA expression conditions (see Fig 19).  Mutant oriCADP1minimal 

constructs that prevented binding of DnaA to any of the R box sites (R0, R1, R2, 

or R4) were inactive in the presence of the CopA and DnaA expression plasmid.  

Based on these results, all sites on the oriCADP1minimal were essential for oriC 

function in E. coli.   
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Figure 19. All DnaA binding sites on minimal oriCADP1 are required for origin 
function. No binding mutations were introduced at individual DnaA recognition 
sites in minimal oriCADP1minimal (shown as red ellipses) by converted the nucleotide 
sequence to 5’-ACACCTATT.  Transplant strains whose chromosome carried 
either the oriCADP1 or a mutant oriC configuration (DJ01, DJ02, DJ03 or DJ04) was 
transformed with a plasmid co-expressing CopA and E. coli DnaA. Transformation 
efficiencies was calculated based on colonies appearing after 18 hours of growth 
and results were normalized to oriCADP1. 
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THE DNA UNWINDING REGION OF oriCADP1 IS LOCATED BETWEEN R0 

AND R1 

The findings described in the previous section raises the possibility that a 

novel configuration exists for oriCADP1 that was not previously observed in E. coli. 

Unlike oriCEC, where all DnaA recognition sites are rightward of the DUE, the 

DUE in oriCADP1 appears to require the occupation of flanking recognition sites by 

DnaA.  One flanking site (R0 on the left) is a high affinity site, identical in sequence 

to E. coli box R1, but on the opposite flank, in the position where the E. coli box 

R1 is located, the oriCADP1 R1 is low affinity.  Although this arrangement raises 

interesting questions about the role of the DnaA occupying the oriCADP1 sites, it 

was necessary to confirm that the position of the DUE lies between R0 and R1. To 

identify the DUE region, the location of intrinsic helical instability was mapped on 

supercoiled oriCADP1minimal templates using the single-strand specific Mung bean 

endonuclease. This method was used previously to identify the location of DNA 

unwinding in the DUE on naked supercoiled oriCEC templates (Kowalski and Eddy 

1989).  Supercoiled oriCADP1 was treated with Mung bean nuclease for increasing 

time periods, and the location of cutting was determined by extending radiolabeled 

primers towards the cut site from fixed positions on the DNA (see Materials and 

Methods). Based on the size of the prominent fragment generated by single-strand 

cutting, the location of the oriCADP1minimal DUE is in the large AT-rich region (320-

364) flanked by R0 and R1, with a primary unwinding site at positions between 340 

and 350 (see Fig. 20).  
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Figure 20. The oriCADP1 DNA unwinding element (DUE) is located between R0 
and R1. The DUE region was identified by incubating purified supercoiled pMiniT 
carrying the oriCADP1 with Mung Bean Nuclease. The dominant cut sites were 
mapped following primer extension. The lane marked M is a DMS footprint of the 
same DNA treated with MBN and serves to mark the positions of guanine 
nucleotides within the scanned region.  The position of guanine bases and the R1 
position are noted. 
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DO VERY LOW AFFINITY DnaA RECOGNITION SITES EXIST IN ADP1 

oriC? 

Footprints of E. coli DnaA interactions with oriCADP1 revealed both high 

and low affinity recognition sites. These sites were initially identified based on 

nucleotide sequence similarities to a 9 mer consensus sequence that is commonly 

used by most bacteria as a high affinity DnaA binding site.  Deviation from 

consensus invariably reduces site affinity for DnaA, but in oriCEC there are very 

low affinity recognition sites that cannot be identified based on nucleotide sequence 

alone.  These sites (previously described in Introduction) interact preferentially 

with DnaA-ATP (compared to DnaA-ADP), are placed in closely spaced arrays, 

and are required to couple orisome assembly to the availability of DnaA-ATP 

during the cell cycle (Rozgaja et al. 2011).  The arrays are also distinctive because 

they reside in gap regions between high affinity sites (R1-R2, or R2-R4) and cannot 

be filled without the assistance of the proximal DnaA bound with high affinity.  

Since they are cryptic, the low affinity arrays in E. coli must be identified using 

Electrophoretic Mobility Shift Assays (EMSA) and DMS footprinting methods 

(Grimwade et al. 2000, Rozgaja et al. 2011).  It is clear from previous footprint 

analysis that R1 has a low affinity for DnaA compared to other R boxes on 

oriCADP1minimal.  Are there also very low affinity “cryptic” recognition sites for 

DnaA in oriCADP1 that become occupied during orisome assembly? 

Using the E. coli origin as a model, low affinity DnaA interactions may exist 

in regions proximal to high affinity binding sites, which include R1-R2 and R2-R4 
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(R0-R1 was not included because of the location of the DUE).  The mobility of 

radiolabeled DNA fragments representing each region was examined by EMSA 

under increasing DnaA concentrations.  Single DnaA molecules interact 

specifically with each 9 mer site (Schaper and Messer 1995, Rozgaja et al. 2011), 

so the number of shifted complexes is equivalent to the number of DnaA molecules 

that can bind to a DNA fragment.  Since the distance between the two R boxes in 

each fragment is short, it is likely that only two additional DnaA interactions are 

allowed between R2 and R4 and a maximum of three between R1 and R2.  As 

shown in Fig. 21, both fragments were able to produce specific complexes with 

DnaA that exceeded the number of previously identified DNA recognition sites 

consistent with the existence of cryptic DnaA binding sites in both regions.  This 

number of higher complexes was appropriate considering the limited size of the 

fragments and sites are likely to be located at (note possible 9 mer 

nucleotides/repeats in each fragment).  Despite the detection of weak DnaA 

interactions, it remains to be determined by mutation analysis and DnaA loading 

experiments whether these interactions are required for origin activity. 

 

E. coli oriCADP1 IS UNCOUPLED FROM THE CELL CYCLE 

Although it was evident that oriCADP1 functioned as a chromosomal 

transplant for E. coli wild-type oriC using E. coli DnaA, it was not clear how the 

transplanted origin was regulated.  One possibility was that oriCADP1retained the 

same coupling to the E. coli cell cycle as the native origin.  Alternatively, oriCADP1  



 

 

79 

 
 

 
 
 
Figure 21. DnaA binding to oriCADP1 detected by EMSA. Double stranded 
oligonucleotides containing oriCADP1 regions (A) between R1 and R4, (B) between 
R1-R2 and (C) between R2-R4 were incubated with increasing concentrations of 
DnaA-ATP at molar ratios of 0:1, 1:1, 2:1, 5:1, 10:1, 20:1 and 50:1, and the 
resulting complexes were resolved on polyacrylamide gels. Migration positions of 
unbound DNA as well as complexes 1,2,3, 4 and 5 are marked. 
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might act as a completely random replicator with no apparent cell cycle regulation. 

The native E. coli oriC is coupled to the cell cycle via arrays of DnaA recognition 

sites that are preferentially occupied by DnaA-ATP, and since oriCADP1 lacks any 

evidence for similar sites, it seemed unlikely that an analogous mechanism would 

be found. Thus, the near-normal growth observed in the oriCADP1 transplants was 

surprising for an unregulated origin which might be expected to over- or under-

replicate its chromosomal DNA.  The lack of GATC on oriCADP1means that the 

once-per-cycle regulation that relies on the sequestration system should also be 

non-existent, for review see (Leonard and Grimwade, 2011) and also lead to over-

initiations in E. coli.  

To identify the mode of oriCADP1 regulation, if any, in a transplant strain, 

flow cytometry analysis was performed under DNA replication run-out conditions. 

Under rapid growth conditions, E.coli’s generation time is less than the time 

required to complete chromosome replication (Cooper and Helmstetter, 1968), so 

exponentially growing cells normally contain more than one copy of oriC.  Each 

copy initiates new replication forks synchronously (Skarstad et al.1986). Because 

all origins in the cell fire simultaneously, the origin number doubles at the time of 

initiation. To examine the timing of origin firing during the cell cycle, exponential 

cultures were treated with rifampicin to inhibit new rounds of chromosome 

replication (blocking the requirement for RNA synthesis) and cephalexin, which 

prevents further cell division (Skarstad et al.1986). After adding the two drugs and 

incubating the cultures to allow completion of any ongoing rounds of replication, 



 

 

81 

 
 

cellular DNA was stained using a fluorescent dye, and the number of chromosome 

equivalents in the cell were detected by flow cytometry. Cells may contain 1, 2, 4, 

8, or 16 chromosomes after runout (always even numbers) with specific peak 

patterns reflecting the growth rate and time of initiation during the cell division 

cycle at the time of drug addition. MG1655 cells with the native wild-type oriC, 

growing exponentially in minimal media supplemented with glucose and casamino 

acids, contain 2(pre-initiation) or 4(post initiation) copies of oriC in run-outs (Fig 

22A). Since there are only 2n chromosome equivalents, both copies of oriC must 

have fired synchronously in all cells, a key feature of normal initiation timing. In 

contrast, when run-out experiments were performed on MG1655 with the ADP1 

oriC(oriCADP1), despite growing with the similar doubling time as wild-type cells 

(t=35 minutes), the cells had perturbed initiation timing, including asynchronous 

initiations, with cells containing both even and odd numbers of chromosomes 

(origins) (see fig. 22B). Since the DNA content was measured as slightly reduced 

in exponential cultures (Fig. 10B), it appears that in addition to firing 

asynchronously, oriCADP1 this slight under-initiation is also seen in the run-outs 

(Fig. 22B).  

 While the asynchronous initiations identified in the oriCADP1 transplant 

were expected to be due solely to the presence of the heterologous origin, it was 

possible that any viable cells acquired chromosomal mutations that were necessary 

for oriCADP1 activity (as described above). To provide an additional test this 

possibility, the wild-type E. coli oriC was placed back into MG1655 cells with  
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Figure 22. Chromosome replication from oriCADP1 is not coupled to the E. coli cell 
cycle. MG1655 cells with either (A) oriCEC or the (B) oriCADP1 were grown in 
minimal media supplemented with glucose and Casamino acids and cellular DNA 
content (chromosome number) was measured after treatment with cephelexin and 
rifampicin to allow all chromosomes to finish any ongoing rounds of replication. 
DNA histograms represent the number of origins in the cell population at the time 
of drug treatment. 
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oriCADP1 using P1 transduction (see above) and the cells were re-examined for cell 

cycle initiation timing. These cells reverted back to the wild-type E. coli oriC 

(oriCADP1>EC) based on the return of flow cytometry run-out patterns that were 

equivalent to wild-type MG1655 oriC with synchronous initiations and the correct 

chromosome numbers (Fig 23). This result confirms that the asynchronous 

initiations seen in E. coli oriCADP1 are due solely to the presence of the heterologous 

origin.  

The cell cycle uncoupling observed for the E. coli oriCADP1 would also be 

expected for any of the deletion derivatives.  However, loss of regions within the 

complete origin might produce some alterations in the run-out patterns obtained by 

flow cytometry and provide some insight into the role of non-required sequences.  

To test this possibility, E. coli oriCADP1 deletions were P1 transduced into a clean 

genetic background (KB02) followed by flow cytometry run-out analysis in 

minimal media supplemented with glucose and casamino acids (as shown above).  

As expected, all the deletion derivatives of E. coli oriCADP1 demonstrated 

asynchronous initiation of chromosome replication (see Fig 24).   However, some 

subtle differences in peak profiles were observed.  E. coli oriCADP1 deletions 

lacking the sites upstream (left) of site R0 showed a leftward shift in peak profile 

(Fig 24 panels E-H). Conversely, E. coli oriCADP1 deletion constructs lacking the 

sites rightward of R4 showed a rightward shift in peak profile (Fig 24 panels 

B,G,H).  Based on these shifts, the DnaA recognition sites (or other nucleotide 

sequences) to the left of R0 have a positive effect on initiation of new forks since  
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Figure 23. Replacing oriCADP1 with oriCEC returns cell cycle coupling of 
chromosome replication.  MG1655 cells with either (A) oriCEC or (B) oriCADP1 or 
(C) oriCADP1>EC (cells with oriCADP1 replaced with oriCEC) were grown in 
minimal media supplemented with glucose and Casamino acids and cellular DNA 
content (chromosome number) was measured as in Fig. 21.  DNA histograms 
represent the number of origins in the cell population at the time of drug 
treatment. Growth rate (t) has also been shown. 
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Figure 24. All oriCADP1 deletions initiate chromosomal replication asynchronously. 
MG1655 with either (A) oriCEC, (B) oriCADP1, or oriCADP1 deletion mutations (C to 
H) were grown in minimal media supplemented with glucose and Casamino acids 
and cellular DNA content (chromosome number) was measured as in Fig. 21. The 
number of origins in the cells at the time of drug treatments is shown. (I) Axes 
legends for panels A to H.  
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their absence reduced the DNA content of the chromosome peaks.  Loss of the 

DNA rightward of R4 resulted in a shift in peaks to higher DNA content consistent 

with the removal of a repressor in this region.  Although these shifts are subtle in 

E. coli, it remains unclear whether these regions may play a more significant role 

in ADP1 cells, particularly if DnaA levels are more stringently regulated compare 

to E. coli.    Further studies will be necessary to test this possibility. 

 

IS DnaA A LIMITING FACTOR FOR E. coli oriCADP1? 

The observation that oriCADP1 initiates asynchronously in E. coli as a 

transplant raises questions about regulatory mechanisms.  While it is possible that 

no regulatory mechanism normally used by E. coli directly impacts the behavior of 

oriCADP1, it is clear that this transplanted origin is compatible with nearly normal 

host growth despite its lack of cell cycle coupling.  Since oriCADP1 does not over-

initiate, there must be some limitation of factors, and these might be any protein(s) 

involved in the initiation step of chromosome replication. To begin the search for 

limiting factors, I examined the response of oriCADP1 to increased levels of DnaA-

ATP.  Based on previous over-expression studies in E. coli, increasing the 

intracellular levels of the DnaA protein from plasmid copies of the gene stimulates 

initiation of DNA replication at oriCEC (Skarstad et al.1989, Flatten et al. 2015) as 

would be expected if DnaA-ATP were a limiting factor. Does oriCADP1 behave 

similarly? 
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To test whether increased levels of DnaA stimulate oriCADP1, pMW110 was 

introduced into MG1655 oriCADP1 cells and DNA content in these cells was 

evaluated by flow cytometry using the run-out protocol on exponentially growing 

cells.   This plasmid carries a copy of the E. coli dnaA gene under the control of its 

own promoter.  Although dnaA is autoregulated, the plasmid is in high copy, and 

the amount of DnaA-ATP in the cell is increased at least two-fold (Pierucci et al. 

1987). When introduced into MG1655 with the native oriCEC there was a clear 

increase in the number of cells showing higher levels of chromosome content and 

some asynchronous initiations (Fig. 25, panels A and C), as expected for over-

stimulation caused by extra DnaA-ATP.  However, when DnaA was overexpressed 

in MG1655 carrying the heterologous oriCADP1, only subtle increases in the cellular 

DNA content distribution was observed (Fig 25, panels B and D).  While there was 

some response to higher levels of DnaA-ATP, the data suggest that DnaA-ATP may 

not be a primary limiting factor.  A downstream activity during the initiation step 

may hold this role, such as the availability of DNA helicase, or the oriCADP1 may 

be self-limited by an inefficiency in function that is built into its nucleotide 

sequence.  Further studies in both E. coli and ADP1 will be required to distinguish 

these possibilities.  
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Figure 25. DnaA may be limiting for initiation at oriCADP1.  MG1655 cells with 
either (A) oriCEC, (B) oriCADP1, (C) oriCEC and pMW110, or (D) oriCADP1 and 
pMW110 were grown in minimal media supplemented with glucose and Casamino 
acids and cellular DNA content (chromosome number) was measured as in Fig. 21. 
DNA histograms represent the number of origins in the cell population at the time 
of drug treatment. 
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DISCUSSION 

Despite being an attractive target for its obvious role in bacterial cell 

viability, there are currently no known antibiotics which specifically block the 

initiation step of chromosome replication.  Perhaps this is to be expected because 

all bacteria use the same fundamental initiator protein, DnaA, to perform this vital 

step in their life cycles, and the production of antibiotics against this target could 

be self-defeating, for reviews see (Duderstadt and Berger 2008, Bleichert et al. 

2017). In addition, DnaA is structurally similar to the initiator proteins in all forms 

of life, lowering the probability that a DnaA-targeted antibiotic would be produced 

by either eukaryotic or archaeal cells (Clarey et al. 2006). Nevertheless, at a time 

when new antibiotics are extremely desirable, it is difficult to ignore the opportunity 

to evaluate the orisome as a possible target.   

It is now clear that oriC nucleotide sequences are highly diverse among 

bacterial types, and bacteria choose a variety of different ways to assemble DnaA 

into functional orisomes (Leonard and Méchali, 2013).  Although the reason for 

using different assembly schemes is unknown, the studies presented here are based 

on the hypothesis that understanding the nucleotide sequence code for orisome 

assembly may lead to the identification of steps that are shared by many different 

bacteria as well as steps that may be specific for a particular bacterial type.  

Unfortunately, comparative analysis of oriC assembly instructions is limited due to 

a lack of genetic and biochemical tools appropriate for heterologous bacteria.  In 

fact, little is known about the assembly of orisomes in any bacteria except E. coli 
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(Rozgaja et al. 2011, Shimizu et al. 2016) although some preliminary studies of 

heterologous DnaA-oriC interactions were previously reported (Zawilak-Pawlik et 

al. 2005) and were consistent with the hypothesis that bacterial replication origins 

are optimized for their cognate DnaA. 

The studies presented here provide a unique opportunity to compare 

orisome assembly steps from a large variety of heterologous bacteria.   Rather than 

looking at each bacterial type individually, a novel oriC transplant system was 

developed to take advantage of the tractable genetics of E. coli and permit the study 

of DnaA-oriC interactions from any bacterial type, even those that are difficult to 

culture and where genetic tools for analysis are lacking. The E. coli transplant 

strains were constructed so that any DNA fragment carrying a heterologous oriC of 

interest can replace the native oriC on the chromosome by recombineering.  This 

feature allows all studies of heterologous components to be performed directly on 

chromosomes, their natural environment, rather than as plasmid constructs. 

Because the host strains are able to survive without any oriC and DnaA gene, these 

DNAs can be manipulated at the nucleotide sequence level and then tested for 

function in live bacteria.  For example, any combination of heterologous oriC and 

dnaA can reside in a single E. coli host and be assayed for functional compatibility.   

However, it was expected, based on previous studies, that heterologous oriCs 

would be unable to function in the transplant strains unless they were derived from 

very close relatives of E. coli (Zawilak-Pawlik et al. 2005). 
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HETEROLOGOUS BACTERIAL REPLICATION ORIGIN TRANSPLANTS 

REVEAL AN EXPANDED ACTIVITY OF E. coli REPLICATION PROTEINS. 

Despite the stringent relationship believed to exist between the bacterial 

DNA replication initiator, DnaA and its cognate replication origin (Zawilak-Pawlik 

et al. 2005), we now show that E. coli DnaA (as well as other E. coli proteins 

involved in the initiation step) can extend their activity to the Acinetobacter baylyi 

(ADP1) oriC, which is not a member of the Enterobacteriaceae and has little 

sequence similarity to the native E. coli origin (Barbe et al. 2004, Gao et al. 2013).  

The choice of oriCADP1 as the initial test of the system was made intentionally due 

to its distant relationship to E. coli despite being a member of the same 

Gammaproteobacteria class, the fact that it is not a member of the 

Enterobacteriaceae family (Robinson et al. 2010, Williams et al. 2010), and the fact 

that its oriC sequence was distinctly different than the well-studied E. coli version 

(Gao et al. 2013).   

Although unexpected, this was the first observation that E. coli DnaA can 

build functional alternative orisomes using oriC templates that were not derived 

from extremely close relatives (such as Vibrio, Salmonella or Enterobacter) 

(Harding et al. 1982, Zyskind et al. 1983).  This expanded activity of E. coli DnaA 

suggests that despite the obvious differences in oriC nucleotide sequence, both 

templates must contain some shared information to build orisomes capable of 

unwinding DNA and loading DNA helicases. It was expected that these features 
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might be revealed by further comparative analysis.  It was also clear that the 

oriCADP1 sequence was compatible with E. coli DnaA-promoted loading of the 

native DnaB DNA helicase.  Helicase loading is a complex process in E. coli (Bell 

and Kaguni 2013, Chodavarapu and Kaguni, 2016) and raises further questions 

about the need for specific nucleotide sequences in the DUE (or nearby) to 

accomplish this task (see below).   It appears this step may accommodate less 

nucleotide sequence specificity than was previously believed. 

ADP1 oriC activity was only detected when the DNA was transplanted onto 

the E. coli chromosome, and it remains unclear why it was not functional in the 

extrachromosomal state.  Since no competition for host factors was detected (high 

copy cloned oriCADP1 did not affect E. coli growth), differences in DNA topology 

between chromosomal and plasmid versions are likely to be responsible (Leonard 

et al. 1985, von Freiesleben and Rasmussen, 1992).  However, it cannot be ruled 

out that DNA polymerase I is a requirement for oriCADP1 function in E. coli, and 

the mutant polA will need to be evaluated for the chromosomal configuration.  

Since polA is not required for native E. coli viability (Kingsbury and Helinski, 

1973), any requirement for oriCADP1 function will indicate an alternate use of DNA 

replication proteins for the initiation step, perhaps one which is more plasmid-like 

(Kogoma and Maldonado, 1997).     

ADP1 DnaA, which is 46% identical to the E. coli version, was also unable 

to substitute for E. coli DnaA in our transplant strains and may be incompatible 
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with E. coli proteins involved in post-unwinding events, such as DNA helicase 

loading (Robinson et al. 2010).  While the ADP1 DNA helicase also shares amino 

acid similarity to the E. coli version, the DnaC loading protein is reported to belong 

to a more ancestral version that shares little similarity to the E. coli type.  Since the 

direct interaction of DnaA with both DnaB and DnaC is required to load the DNA 

helicase in E. coli, (Mott et al. 2008) the likely inability of ADP1 DnaA to interact 

with E. coli DnaC may be a prohibitive step.    

 

CHARACTERIZATION OF ADP1 ORIC REVEALS FEATURES NOT 

COMMON AMONG THE ENTEROBACTERIACEA AND MOST 

GAMMAPROTEOBACTERIA 

Acinetobacter spp. include an important emerging pathogen, Acinetobacter 

baumanii (Khan and Khan, 2016) and Acinetobacter baylyi, (ADP1) (Vaneechoutte 

et al. 2006), a model organism for genetic analysis and genome engineering due to 

its natural transformability and simple culture conditions (Elliott and Neidle, 2011).  

However, despite increased interest in these bacteria, there is little known about the 

mechanism used to trigger new rounds of chromosome replication.  With oriCADP1 

as a functional transplant donor in E. coli, it became possible to identify the 

important geographic features and compare these features to E. coli oriC.   
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THE ADP1 DUE 

The location and sequence of the previously unmapped DUE of oriCADP1are 

unlike their comparable version in E. coli. The three 13 mer motifs that are 

commonly associated with the DUE among most commonly known members of 

the Gammaproteobacteria (Gao et al. 2013) are missing within the ADP1 DUE (and 

its closest relatives) and are replaced with a distinctive series of A and T repeats 

(doublets, triplets, and quartets of A or T).  These alternating A and T domains (see 

Fig. 26) are conserved among all the sequenced Acinetobacter species suggesting 

that specific sequences rather than overall A-T richness are important for oriC 

activity in these bacteria, and the distinct arrangements of A-T motifs may be 

recognized by regulatory proteins in ADP1.  Despite these differences, E. coli 

initiator proteins were able to perform the DNA unwinding and DNA helicase 

loading step.  The removal of both the middle and left 13 mers were previously 

shown to inhibit E. coli oriC activity (Stepankiw et al. 2009), but these motifs were 

unnecessary for ADP1 oriC function.  

The location of unwinding within the ADP1 DUE is focused at a few 

nucleotides in a central position.  These appear to include a track of four Ts adjacent 

to four As (TTTTAAAA).  Although the ADP1 DUE contains tracks of smaller A 

or T motifs (such as TTTAAA), there is only one with four bases of A and T in the 

DUE.  It remains to be determined whether this motif specifies the location for 

unwinding and why the length of most A or T tracks in the DUE is limited to two  
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Figure 26. Alignment of DUE-R1 region of E.coli , Acinetobacter baylyi (ADP1), 
Acinetobacter calcoaceticus and Acinetobacter baumanii (AYE).  The E.coli DUE 
13 mer sequences have been underlined in black. The conserved DUE region 
amongst representative Acinetobacter spp. have been highlighted in green. The 
DnaA-Trio region in all four bacteria has been highlighted in red. The R1 box has 
been shown as Blue and Purple rectangles. Blue boxes indicate DnaA binding sites 
that are a perfect match to the consensus 5’-TTATCCACA and purple boxes 
indicate sites that are mismatched at one or more positions 
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or three nucleotides.   Further mutational analysis will be required to determine if 

any specific ADP1 DUE nucleotides are required for localized unwinding and 

activity in E. coli. 

 

THE DnaA RECOGNITION SITES 

In E. coli oriC, all the DnaA recognition sites are clustered to the right of 

the DUE and three high affinity recognition boxes bind to DnaA throughout the cell 

cycle (Nievera et al. 2006).  Four low affinity sites form closely spaced arrays (four 

sites in each array) in each half of oriC in the gaps between high affinity sites 

(Rozgaja et al. 2011).  The low affinity sites become occupied step-wise, forming 

oligomers that extend from the DnaA at the outermost R1 and R4 sites towards the 

central R2 position (Rozgaja et al. 2011). This symmetrical arrangement does not 

appear in oriCADP1 and there is no evidence of low affinity arrayed DnaA 

recognition sites.  However, there is some evidence for low affinity DnaA 

interactions (see Fig. 21). These are unlikely to extend beyond adjacent pairs of 

sites, but they are located in gap regions and may play roles similar to the E. coli 

arrays. It remains unclear why oriCADP1 has limited low affinity DnaA binding, but 

this may reflect fundamental differences in the levels of available DnaA-ATP 

reached during the ADP1 cell cycle. 

There are more high affinity recognition sites in ADP1 oriC (compared to 

E. coli) although only three are required for minimum origin activity in E. coli.   

The majority of DnaA boxes in ADP1 oriC are dispensable, consistent with a role 
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in regulation rather than mechanical unwinding and helicase loading.   Based on 

the behavior of the deletion mutants, the right block and left block of dispensable 

sites appear to play opposite regulatory roles, but their loss had only a minor effect 

in E. coli.   Further analysis may show that the flanking DnaA boxes have a more 

profound regulatory effect in ADP1 cells. 

For unwinding and helicase loading, oriCADP1 required E. coli DnaA to 

interact on both sides of the DUE, a configuration that is uncommon among the 

Gammaproteobacteria (Gao et al. 2013).  It was also surprising that the DnaA 

recognition site at the R1 position (compared to E. coli oriC) was low affinity while 

the R0 site at the left of the DUE was a high affinity site.  The R1 position for most 

Gammaproteobacteria is a perfect (high affinity) consensus recognition site (Gao 

et al. 2013).  Since R1 is a low affinity site in oriCADP1, the DnaA occupying the 

proximal perfect high affinity consensus sites may provide the necessary assistance 

for R1 occupation.   It is possible that DnaA bound at R0 retains the ability to 

interact and donate DnaA to the R1 site (assuming DNA bending of the DUE).  

However, based on the configuration of E. coli oriC, the more likely scenario is 

that DnaA is donated from ADP1 R2.  Due to the short gap regions in oriCADP1, it 

is difficult to predict whether recognition sites exist so that bending proteins can 

play a regulatory role similar to the Fis/IHF switch mechanism identified in E. coli 

(see Fig. 3) (Ryan et al. 2004). However, based on some sequence analysis there 

might be a possible IHF binding site between sites R1 and R2. 
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In the earliest stage of orisome assembly in E. coli, interactions among 

DnaA molecules occupying R1, R2, and R4 form a DNA configuration (probably 

a loop) that constrains oriC to prevent any spontaneous DNA unwinding (Kowalski 

and Eddy, 1989, Kaur et al. 2014).   To assemble an equivalent constrained origin 

DNA structure with oriCADP1, R0-bound DnaA would need to be utilized since R1 

is a low affinity site.  

A possible model of orisome assembly is presented in fig 27. In the first 

stage, DnaA is persistently bound to high affinity sites R0, R2 and R4; this would 

be the ADP1 equivalent to the E. coli bacterial origin recognition complex (bORC). 

In the second stage, DnaA bound to the bORC R2 and R4 sites recruits and donates 

DnaA to the nearby low affinity sites L1 and L2 (detected via EMSA studies, fig 

21 and fig 27) respectively. In the third stage, occupation of the origin is completed, 

and this results in origin unwinding.  However, based on our footprint data,  R1 is 

a low affinity site. Since donation to low affinity sites is limited by distance 

(Rozgaja et al. 2011), and the distance between R1 and L1 is predicted to be 

approximately 20bp, I postulate that a DNA bend will be required for the 

cooperative binding needed to fill R1. The nucleotide sequence between R1 and L1 

is extremely AT-rich, with a string of five T’s followed by a string of 5 A’s (see fig 

7).  I postulate that this region could bend, with the bend stabilized by base paring 

of at least a few of the T’s and A’s in the strings. If true, this bend would put the 

R1 and L1 sites in close proximity, allowing DnaA bound to L1 to recruit and  
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Figure 27. Model of orisome assembly on oriCADP1. (A) The bacterial ORC, where 
the high affinity DnaA binding sites (dark blue rectangles) are bound with DnaA 
(green hexagon). (B) Orisome assembly continues by DnaA bound to sites R4 and 
R2 assisting in loading of sites L2 and L1 respectively. At this stage, the DNA 
bends at a specific AT rich location between R1 and L1. (C) Bending of DNA 
facilitates loading of site R1 through co-operative donation by site L1. Full 
occupation of DnaA binding sites triggers unwinding of DUE. Donation of DnaA 
to ssDNA of DUE is possible via sites L2 and R4 (shown as black dotted lines). 
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donate DnaA to R1. Data from the DMS footprint analysis are consistent with the 

order of site filling in this model. 

 

DnaA-TRIO SEQUENCES ARE HIGHLY CONSERVED IN E. coli AND ADP1 

oriC AND MAY VITAL FOR HETEROLOGOUS FUNCTION 

There is strong sequence similarity between E. coli and oriCADP1 in a portion 

of the rightmost 13 mer region (see Fig. 26).  This is the location of the specialized 

nucleotide motifs termed DnaA-trio elements (3′-GAT-5′, 3′-AAT-5′ and 3′-GAA-

5′ in most bacteria), that were previously shown to guide compact DnaA filament 

assembly in the proximity of unwound oriC DNA in a wide range of bacterial types 

(Richardson et al. 2016).  A proximal double-stranded DnaA recognition site is 

required, but the DnaA-trio sequences are recognized by DnaA on the single-

stranded unwound region.  Although the DnaA-trio regions of the 

Gammaproteobacteria are degenerate compared to the elements found in other 

bacterial types, the high conservation of these sequences between E. coli and ADP1 

supports their importance for origin function (Richardson et al. 2016).  

Additionally, deletion of the right E. coli 13 mer containing the trio elements 

eliminates origin function and the TTATT in this location was shown to be required 

for E. coli DnaA to interact directly with single stranded DNA in vitro (Ozaki and 

Katayama, 2012).  This sequence is found in an identical location in oriCADP1 (Fig. 

26).  Further mutational analysis will be required to determine which DnaA-trio 
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sequences are required for oriCADP1 to function in E. coli.  However, the presence 

of DnaA-trios is not sufficient for origin unwinding since DnaA recognition sites 

flanking the DUE are required. 

 

ASSEMBLY OF E. COLI ORISOMES ON oriCADP1 IS NOT CELL-CYCLE 

COUPLED 

Although transplant strains were able to achieve nearly normal host growth 

rates, oriCADP1 function was not regulated properly during the E. coli cell cycle, 

providing the opportunity to distinguish origin features that are required for 

function from those that are required for proper cell cycle coupling and 

synchronous initiations when multiple oriC copies are present during rapid growth, 

reviewed in (Skarstad et al. 1986, Wolański et al. 2014, Leonard and Grimwade, 

2015).  There are many ways that bacteria are known to regulate a properly timed 

and once per cycle initiation step, for review see (Leonard and Grimwade, 2011, 

Skarstad and Katayama, 2013), but several obvious E. coli oriC features related to 

this ability are lacking in the oriCADP1.  First, oriCADP1 does not have an obvious 

way to couple initiations to E. coli DnaA-ATP availability, which fluctuates during 

the cell cycle (Kurokawa et al. 1999).  The successful timing of oriC unwinding in 

E. coli is dependent on DnaA-ATP’s ability to self-oligomerize (Messer et al. 1999) 

(Sutton and Kaguni, 1997, Duderstadt and Berger, 2013) and DnaA-ATP 

preferentially interacts with arrays of low affinity recognition sites in each half of 
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oriC for step-wise assembly of oligomers (Rozgaja et al. 2011).  Although there 

are slight differences in the accessibility of DnaA to oriCADP1 high affinity sites, it 

is likely that the majority of these DnaA interactions persist during the cell cycle.   

Based on the lack of arrayed low affinity DnaA recognition sites, oriCADP1 appears 

unlikely to make significant oligomeric structures and alternative mechanisms for 

the origin unwinding must require fewer numbers of DnaA molecules, filling only 

a few low affinity sites, or using mechanisms based on changes in DNA 

conformation or DUE stretching (Duderstadt et al. 2011). The interaction of E. coli 

DNA bending proteins Fis and IHF with E. coli oriC also ensures synchrony of the 

initiation step at all oriC copies (Grimwade et al. 2000, Weigel et al. 2001, Ryan 

et al. 2004). Although homologs of these proteins exist in ADP1(Barbe et al. 2004), 

E. coli versions may not recognize oriCADP1ADP1 oriC contributing to the loss of 

initiation synchrony seen in the transplant strain.    

The oriCADP1 also lacks the GATC sequences that are the hallmark of E. 

coli's DNA methylation-dependent, replication origin sequestration system that 

uses the hemi-methylated DNA binding protein SeqA (Lu et al. 1994).  

Specifically, a hemimethylated DNA binding protein, SeqA, sequesters E. coli oriC 

for 1/3 of the cell cycle following the onset of new replication forks to prevent 

unscheduled re-initiations. (Campbell and Kleckner 1990).   Removal of some 

GATC motifs in E. coli oriC are tolerated without significant effect on initiation 

synchrony (Jha and Chattoraj, 2016), but the complete lack of GATC motifs in 
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oriCADP1may contribute to the loss of synchronous initiations in the transplant 

strains.    

 

BACTERIAL REPLICATION ORIGINS CONTAIN SEPARATE FEATURES 

FOR MECHANICAL FUNCTION AND FOR CELL-CYCLE COUPLING 

The ability of ADP1 to function in E. coli but remain unregulated during 

the cell cycle suggests that replication origins encode two separate sets of 

instructions for orisome assembly.  One set, likely shared by many bacterial types, 

is required for fundamental activity and should include the DnaA interactions 

required for origin unwinding and helicase loading.  Helicase loading instructions 

must include the DnaA-trio sites and the adjacent DnaA recognition site equivalent 

to R1.   The remaining features are those that couple orisome assembly to the cell 

cycle and are more likely to be bacterial-type specific.  These include low affinity 

DnaA recognition sites that may or may not interact preferentially with DnaA-ATP, 

as well as sites for regulatory proteins that bend DNA or block origin access.  

Distinguishing one instruction set from the other cannot be accomplished by simply 

looking at the nucleotide sequence, but the origin transplantation approach 

described here is easy to perform as long as the heterologous origin can function in 

E. coli.   The high diversity of oriC is likely to be due to the many ways that DnaA-

ATP availability is regulated in the bacterial world and likely to be related to the 

organism’s life-style.    
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If there are features found on E. coli oriC that couple the initiation step to 

the cell cycle, then it should be possible to systematically add these to oriCADP1 to 

alter its regulation.  By constructing new versions of oriC that contain features from 

each cell type (for example, adding GATC sites to oriCADP1) it should be possible 

to pinpoint the important requirements for cell cycle coupling. 

 

HOW DOES ADP1 REGULATE ITS CELL CYCLE? 

There is little information available about the regulation of DNA replication 

in ADP1 cells and it remains to be determined whether any regulatory mechanisms 

used by this bacterial type are absent from E. coli. It appears that ADP1 shares 

regulation of DnaA activity by hydrolysis since it carries an Hda homolog which 

has 30% sequence identity with E. coli (Robinson et al. 2010).  However, synthesis 

of DnaA-ATP may be more stringently regulated than E. coli due to the proximal 

chromosomal placement of ADP1’s oriC and dnaA gene (E. coli dnaA is displaced 

for oriC by 40 kb) (Hansen et al. 1984)   For example, the proximity of ADP1 oriC 

and the DnaA promoter may allow for a more rapid autoregulation of DnaA gene 

expression than occurs in E. coli.  If such a response exists, then orisome assembly 

in ADP1 might require a much narrower range of new DnaA-ATP synthesis during 

the cell cycle compared to the E. coli system. Although the clustered DnaA 

recognition sites outside the minimal functional oriCADP1 had only a minor effect 

on this origin’s activity in E. coli these sites may be more effective as DnaA titration 

regulators in ADP1 cells. Tighter regulation of DnaA expression might be 
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incompatible with the rapid transitions in growth rate required for an enteric 

bacterium like E. coli and may be more advantageous for a bacterium that lives in 

soil where carbon sources are more limited.   

 

IS ADP1 REGULATED BY DnaA AVAILABILITY IN E. coli?  

Although ADP1 oriC does not allow cell-cycle coupled initiations in E. coli 

there are no dramatic effects on host growth (at least in rich growth media used for 

the studies reported here).  This unique situation provides an opportunity for further 

examination of the importance of cell cycle regulation in bacteria and to examine 

the advantages of this coupling.   It is expected that most of the cells in the oriCADP1 

population, while accumulating mass at the correct rate will not have the correct 

number of chromosomes or the correct dosage of genes per cell.  In future studies, 

it will be interesting to examine the growth of these cells over a wide range of 

nutritional conditions and shifts in growth media.   Questions are also raised about 

the existence of factor limitations in the regulation of oriCADP1.  ADP1 oriC does 

not over-initiate and for this reason some required factor must also be limiting. The 

obvious candidate is E. coli DnaA.  However, adding additional DnaA had only a 

modest effect on oriCADP1, raising the number of initiations and causing some 

stalling of forks due to the extra rounds.  The response of E. coli oriC to the added 

DnaA was far more dramatic with a large increase in DNA content.  If DnaA is not 

a significant limiting factor for oriCADP1, the limit may be due to an inefficiency 



 

 

106 

 
 

built into the origin itself (an origin that does not rapidly reset for example or is 

difficult to unwind using the available initiator).  Since it is not clear how this origin 

is reset and is unlikely to utilize E. coli DNA bending proteins or sequestration 

mechanisms, orisome assembly may simply be a random event among a pool of 

origins that have variable amounts of associated DnaA.  It is also possible that DnaB 

or DnaC are limiting factors although over-expression of these products is lethal in 

E. coli (Brüning et al. 2016).  It will be interesting to hunt for mutations in oriCADP1 

or elsewhere on the E. coli genome that raise its copy number and perhaps identify 

new regulators. 

 

FUTURE USES OF THE ORIGIN TRANSPLANT SYSTEM 

The successful use of the origin transplant system described here raises the 

possibility that multiple heterologous DnaA-origin pairs will be compatible with E. 

coli replication proteins when studied in a chromosomal context.  Our approach can 

be used to screen large numbers of bacterial replication origins for heterologous 

activity in E. coli, including origin DNAs from types that are currently intractable 

to study due to lack of culture conditions or problems with pathogenicity.  

Environmental samples (total DNA that is shot-gun inserted into transplant strains) 

can also be screened by brute force to generate libraries of uncharacterized origins 

that function in E. coli.  It is also hoped that the comparative analysis of oriC 

transplants will lead to the identification and classification of additional shared 
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features among bacterial DNA replication origins and, hopefully, attractive targets 

for antibiotic design (Mizushima et al. 1996, Robinson et al. 2012, Grimwade and 

Leonard 2017).   We are particularly interested in further study of oriCADP1 because 

it is nearly identical to the oriC of Acinetobacter baumanii, an important human 

pathogen which is difficult to treat with currently available antibiotics (Tommasi et 

al. 2015). 
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