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ABSTRACT 
 

IDENTIFICATION OF ELEMENTS ESSENTIAL FOR REPLICATION ORIGIN 
ACTIVITY IN Escherichia coli 

by Prassanna Rao, Bachelor of Technology., Amity University, Rajasthan, India 
Chairperson of Advisory Committee: Julia E. Grimwade, Ph.D. 

 
The increasing number of drug resistant pathogenic bacteria has created a 

growing health care crisis. Solving the crisis will require a number of solutions, 

among them being development of new antibiotics that target novel cell processes. 

Initiation of chromosomal DNA replication is one such unexploited process. 

Bacterial cells begin chromosome replication by building a nucleoprotein complex 

called the orisome which, unwinds replication origin DNA, and loads the 

replicative helicase. A greater understanding of how orisomes assemble, and how 

the assembly is regulated, should provide a source of druggable targets to be used 

in future antibiotic discovery efforts. However, although all bacterial cells use the 

same initiator protein (DnaA) to assemble the orisome, the replication origins that 

direct the assembly are more diverse among different bacterial types. Still, because 

all orisomes must accomplish the same essential tasks, one must speculate that 

some elements essential for orisome function would be conserved. The goal of this 

study was to identify some of these potential elements. 

Using the best studied system for orisome assembly, Escherichia coli, we 

performed a systematic mutational analysis of the chromosomal E. coli origin of 

replication, to examine specific elements used in orisome assembly, and to identify 

features that were essential for triggering the onset of chromosome replication. 
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Three major features were examined:  1) low affinity DnaA-ATP binding sites, 2) 

the number of low affinity sites, and 3) a region of origin DNA that forms a sharp 

bend in oriC at the time of initiation.  

Surprisingly, although ATP-DnaA is considered to be the “active” form or 

the initiator protein, we found that the DnaA-ADP is capable of performing all of 

the mechanical functions required for origin activation, if it can bind to the origin 

of replication. Rather the ATP-bound form of the initiation seems to be required to 

regulate access of the initiator to the origin, needed to regulate the timing of 

chromosome replication during the cell cycle. We also found that only a subset of 

low affinity DnaA recognition sites are required for origin function, although each 

site appeared to have an incremental role in origin unwinding. Finally, we found 

that the sharp bend region was essential for E coli origin activity, but this 

requirement could be suppressed by making the E coli origin resemble the B. 

subtilis origin, which does not contain the sharp bend region. 

These studies revealed a surprising plasticity in orisome assembly, and 

based on our studies, we propose that different bacteria may contain different 

essential features that direct the mode of origin activation. Features that are shared 

among bacteria may lead to identification of targets for broad spectrum antibiotics, 

while type specific essential features could lead to more focused therapies against 

specific pathogens. 
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INTRODUCTION 

 

An increase in multi-drug resistant bacterial pathogens has caused a major 

threat to human health, limiting treatment options. According to Centers for 

Disease Control and Prevention reports, nearly 23,000 deaths are caused due to 

antibiotic resistant pathogens spread between patients and across health care 

facilities (CDC, 2015). There are very few new antibiotics that have been approved 

for clinical use and those that have been approved are either chemically similar to 

existing drugs, or attack the same set of targets, or both. Thus, these compounds 

may be susceptible to the same resistance mechanisms that has made their 

forerunners less effective (van Eijk et al., 2017). One solution to the antibiotic 

resistance problem is to develop new antibiotics that target under-exploited cellular 

proteins and processes. One such process is the initiation stage of chromosome 

replication. While the elongation phase of DNA replication has been a prime target 

for antimicrobial agents, with some of the most highly effective antibiotics 

attacking DNA gyrase, no antibiotics have been developed to inhibit the initiation 

step of DNA replication. The initiation step on DNA replication is potentially a 

great target because it is critically important in all bacterial cells, and most bacterial 

types use highly conserved replication initiators for this process.  

Although initiation of chromosome replication in Escherichia coli has been 

studied by many groups the mechanisms controlling the initiation step are not yet 
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fully understood in any bacteria. Further, because there are differences among 

bacterial types in the nucleotide sequence of the locus where chromosome 

replication begins (termed oriC) (Gao et al., 2013), it is not yet clear whether the E. 

coli models are entirely applicable to other bacteria. However, given that initiation 

is a fundamental and essential process, it is likely that there are some conserved 

features, and these would be required for origin activation. The purpose of this 

work is to define essential features regulating E. coli replication initiation for future 

evaluation as antibiotic targets.  

 

EARLY STUDIES ON E. coli GROWTH REGULATION 

Initial work done by Kjeldgaard group on E. coli cells growing in nutrient rich 

media, were bigger, contained more DNA per cell, and divided more frequently 

than, cells growing in poor media conditions (Schaechter et al., 1958). This 

observation raised the question about the cause of the higher DNA content in 

rapidly growing cells was because replication forks moved faster under rapid 

growth conditions or was it because the cells initiated chromosome replication 

more frequently in rich media. This question was answered by studies done by 

Cooper and Helmstetter using synchronously dividing E. coli cells, showed that a 

constant time (40 minutes) was required for each cell to complete one round of 

chromosome duplication (C period) and divide (20 minutes, D period) for cells 

with generation times between 20 – 100 minutes. However, because elongation 
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rates were constant and initiation frequency depended on growth rate, any cells that 

were growing with a generation time faster than 40 minutes, initiated DNA 

replication on partially replicated genomes (Cooper and Helmstetter, 1968, see 

Figure 1).  

They also showed that cells will divide C + D minutes after initiation of 

chromosome replication, regardless of growth rate. These seminal studies of 

Helmstetter and Cooper revealed that the initiation step of chromosome replication 

determined how fast cells could duplicate their genomes, and how fast the bacteria 

could reproduce. Thus, the rate of bacterial reproductions is controlled by 

regulating initiation of chromosome replication, making this step a logical choice 

for inhibition by antibiotics.  

 Even before initiation was determined to be a key controller of bacterial 

reproduction, a model for how DNA replication could start had been introduced. 

This model, proposed by (Jacob et al., 1963), called the Replicon hypothesis, 

predicted that a trans-acting initiator protein would activate a specific cis-acting 

sequence on the genome called replicator. This model guided research that 

identified genes that encoded the initiator proteins and the replicator, which is now 

called the origin of replication.  
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Figure 1. E. coli chromosome configurations and initiation timing during slow 
and fast growth. Chromosome configurations of cells with doubling times of 20 
and 80 minutes are shown. For both growth rates, the C (chromosome duplication) 
period is 40 minutes and the D (cell division) period is 20 minutes. Cells growing 
with a doubling time of 20 minutes begin a new round of chromosome replication 
on a partially replicated genome (lower panel), and cells contain more DNA/cell 
mass. In contrast, in slow growing cells, the time needed to initiate a new round of 
replication is greater than 60 minutes (C+D period), and initiation takes place on 
chromosomes without any previously established replication forks. In all panels, 
chromosomes are marked as colored circles and new rounds of initiations are 
marked in colored ovals. Color scheme of parent (oldest) DNA >> daughter 
(newest) DNA is, blue>> red>> green>> orange. 
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The initiator was first identified genetically, using temperature sensitive 

mutants defective in DNA replication. Two mutant phenotypes (Kohiyama, 1968; 

Kohiyama et al., 1966) were identified:  One, termed immediate stop mutant, halted 

DNA synthesis immediately upon shift to a non-permissive temperature and the 

other, termed slow stop mutant, halted DNA synthesis after a reproducible amount 

of time. The mutated genes responsible for the immediate stop in DNA synthesis 

were determined to be required for chain elongation, while the gene responsible for 

the delayed stop was required for the initiation step. This gene was named DnaA 

(Kohiyama, 1968; Kohiyama et al., 1966). DnaA was later isolated as a pure 

protein and biochemically characterized by Arthur Kornberg’s group as the sole 

initiator protein in E. coli (Fuller et al., 1981; Fuller and Kornberg, 1983). 

The replicator site on the chromosome was identified using marker 

frequency analysis and mapped to a chromosomal site near the ilv gene. This region 

was later demonstrated to be sufficient in suppressing replication incompatibility in 

Hfr strains when placed on F’ plasmids (Bird and Lark, 1968; Bird et al., 1972; 

Hiraga, 1976). Initially the replicator locus was termed poh+ (permissive on Hfr), 

but the name was later changed to oriC (origin of chromosomal replication) 

(Hiraga, 1976). The chromosomal location of E. coli oriC was more precisely 

mapped to a 9 kilobase pair EcoR1 fragment located at 84.3 minutes on the 

chromosome. This region was found to be capable of initiating DNA replication 
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when circularized into a plasmid (Marsh and Worcel, 1977; von Meyenburg et al., 

1977; Yasuda and Hirota, 1977).    

The complex of initiator (DnaA) bound to the origin (oriC) is now termed 

the orisome (Grimwade and Leonard, 2017; 2015; figure 2). The orisome is 

responsible for triggering chromosomal replication by unwinding the origin at an 

AT rich DNA unwinding element (DUE) (Bramhill and Kornberg, 1988; Kowalski 

and Eddy, 1989), and loading the replication machinery (Marszalek and Kaguni, 

1994; Wahle et al., 1989a, 1989b; Yat et al., 1989) to establish new replication 

forks (see Figure 2). Orisome assembly is stringently regulated to ensure that each 

cell initiates DNA replication only once per cell cycle. Delayed or under-initiation 

leads to chromosome loss, while re-initiation from the same origin can result in 

fork collapse and genome instability (Grimwade and Leonard, 2017; Leonard and 

Grimwade, 2015; Simmons et al., 2004). A major goal of this study was to identify 

sequence elements in the E coli replication origin that contribute to this precisely 

timed orisome assembly. 

 

 

 

 

 

 



 

 7 

 
Figure 2. The E. coli Orisome. The orisome is a nucleoprotein complex that 
unwinds the replication origin, made from DnaA (blue sphere) bound to origin 
DNA (black thread). Origin bound DnaA induces torsional stress in origin DNA, 
leading to destabilization of the DNA double helix at an AT rich region. DnaA then 
recruits helicase (pink elliptical spheres) and helicase loader (yellow ring) which 
extends the unwound region. 
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BACTERIAL REPLICATION ORIGINS   

 Most bacterial and archaeal genomes contain a circular chromosome with 

single replication origin (Gao, 2015; Gao et al., 2013; Leonard and Mechali, 2013; 

Robinson et al., 2004) with a few exceptions such as Vibrio cholera, that possesses 

two chromosomes (Trucksis et al., 1998), and Burkholderia capacia, that carries 

four chromosomes (Rodley et al., 1995). The location of replication origins on the 

chromosome has been predicted for several bacterial species based on GC-skew, 

location of the dnaA gene, distribution and clustering of DnaA boxes, and using a Z 

curve method that detects an asymmetrical nucleotide distribution around oriCs 

(Gao and Zhang, 2007; Mackiewicz et al., 2004). A data base of all the predicted 

origins is being maintained (Gao et al., 2013). Often replication origins are located 

near to the dnaA gene (Gao et al., 2013; Mackiewicz et al., 2004). However, this is 

not true for all the bacterial types, including the well characterized E. coli origin 

which is separated from the dnaA gene by 42 Kilobase pairs and instead is flanked 

by gidA and mioC genes. In addition to proximity to dnaA, bacterial origins may be 

contiguous or bipartite (Donczew et al., 2012a; Leonard and Grimwade, 2015; 

Leonard and Mechali, 2013; Wolanski et al., 2015), and the contiguous regions can 

vary in length from ~ 200 to ~1000 bp (Wolanski et al., 2015; see figure 3A). All 

origins contain an AT-rich DUE,  as well as recognition sites for the initiator 

protein DnaA (described in detail in the next section) (Kowalski and Eddy, 1989; 

Leonard and Mechali, 2013; Roth and Messer, 1998; Zakrzewska-Czerwínska et 
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al., 2007; see figure 3). Although the sequence of DnaA recognition sites differ to 

some extent among bacterial types, most bacteria contain a 9 base pair recognition 

sequence similar to the one found in E coli (5’-TTATCCACA) (Wolanski et al., 

2015). However, the number and positioning of DnaA binding sites, as well as the 

presence of binding sites for other (accessory) proteins, and the position of the 

DUE can greatly vary among bacteria. While most bacterial origins remain 

uncharacterized, a selection of origins from different bacteria is shown in Figure. 

3A. A multiple sequence alignment of predicted 9-mer DnaA box sequence of 

several bacterial species using WebLogo tool (Crooks et al., 2004) has been shown 

in Figure 3B. WebLogo is a graphical representation of nucleotide sequence 

alignment. The overall stack height represents the sequence conservation, whereas 

individual sequence height represent relative frequency at that position (Crooks et 

al., 2004). 

  As described in more detail below, the origin sequence provides the 

blueprint for orisome assembly and thus, must contain features required for the 

mechanical processes need to initiate DNA replication, such as DNA strand 

separation and replicative DNA helicase loading, as well as features that regulate 

initiation in a way that is both suitable for the lifestyle of the bacterial type (which 

would include the ability to respond to nutritional changes) and that prevents over- 

and under-initiation. The sequence elements that direct mechanical functions are 

more likely to be conserved in some way among bacteria while the elements that 
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encode regulatory features should be more type-specific. One of the goals of this 

work was to test this hypothesis by characterizing specific motifs in E coli oriC. 
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Figure 3. Comparison of replication origins in various bacterial types. (A) 
Consensus (red squares) and near consensus (blue squares) DnaA recognition sites 
are shown. Green arrowheads above the boxes show the presumptive orientation of 
the boxes. The total length of the origin is shown below the origin map. The base 
pair number over a black arrow shows the spacing between the DnaA box and the 
unwinding region (designated as an oval) (Donczew et al., 2012b; Krause et al., 
1997; Madiraju et al., 2006; Rozgaja et al., 2011; Taylor et al., 2011; Yee and 
Smith, 1990). (B) WebLogo comparison (Crooks et al., 2004) of predicted DnaA 
box of various bacterial species. Predicted origin sequences were identified by (Gao 
and Zhang, 2007). 
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Escherichia coli oriC 

The oriC of our model organism E. coli, comprises 245 contiguous base 

pairs. Early sequence analysis revealed 2 copies of the 9-mer 5’-TTATCCACA, 

and three 9-mers  that deviated from this sequence by 1 bp (Sekimizu et al., 1988; 

figure 4B). These 9-mers were termed “R-boxes” for recognition boxes after it was 

determined that they were the recognitions sites for the initiator protein, DnaA 

(Fuller et al., 1984). R5M was later identified by Matsui et al (1985) who called it 

the M box (Matsui et al., 1985); in recent literature it is referred to as R5M. R1and 

R4 have the highest affinity for DnaA (Kd = 4 - 20nM) (Schaper and Messer, 

1995), and so the sequence of these sites (5’-TTATCCACA) is considered to be the 

consensus sequence. R2 is also a high affinity site (Kd = 4 - 20nM), while R3 and 

R5M were characterized as low affinity(Kd  > 200nM) (Schaper and Messer, 

1995). Subsequent studies by Grimwade et al. (2000), Kawakami et al. (2005), and 

Rozgaja et al. (2011) revealed additional low affinity sites (I1-I3, tau 2, and C1-3) 

that deviate 2 or more bp from consensus (figure 4A), and Rozgaja et al. (2011) 

also determined that R3 did not play a role in orisome assembly (Grimwade et al., 

2000; Kawakami et al., 2005; Rozgaja et al., 2011). Thus, the most recent and 

accurate map of E. coli oriC contains 11 DnaA recognition sites that includes 3 

high affinity sites and 8 low affinity sites (Leonard and Grimwade, 2011; Rozgaja 

et al., 2011; see figure 4A). 
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Figure 4. Map of E. coli oriC. (A) The minimal oriC region, showing positions of 
DnaA binding sites, the DUE (containing three 13 mer repeats), and binding sites 
for IHF and Fis. Red squares are high affinity DnaA boxes whereas blue and 
yellow square are the low affinity sites. Sites R1, R2, R4, R5M, and C1 can bind to 
both ATP and ADP-bound forms of DnaA and the rest of 9-mer sites bind only 
ATP-DnaA. Blue squares indicate low affinity non-preferential sites, whereas 
yellow squares indicate low affinity ATP – DnaA preferential sites. The black 
arrow drawn under the origin map indicates the orientation of each box and the 
direction of site occupation. Positions for putative DnaA trio motifs and 6-mer ATP 
boxes are marked. The blue arrows indicate the binding sites for SeqA protein. (B) 
Sequence of E. coli oriC showing each DnaA recognition site, as well as the GATC 
recognition sites for SeqA protein. Recognition sites for IHF and Fis protein are 
also indicated.  
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Based on the placement of the high affinity sites, E. coli oriC can be 

separated into two equivalent halves (termed left and right halves in this 

dissertation), adjacent to the AT-rich DUE (see figure 4A). R1 and R4 are at the 

two ends of this region and R2 is placed in the middle. The low affinity DnaA 

boxes are located in the gap regions between the high affinity (Leonard and 

Grimwade, 2015, 2010b; Rozgaja et al., 2011). Each gap region contains four low 

affinity sites separated by 2 base pairs, creating a helically-phased array. All the 

sites in the left half of oriC (R1-I2) are oriented in one direction and the sites in the 

right half (R4-R2) are oriented in the opposite orientation (Rozgaja et al., 2011; 

Figure 4A).  

The sequence 5’ (left) of DnaA box R1 contains three 13-mer AT rich 

repeats, and this comprises the DNA unwinding element (DUE) (Bramhill and 

Kornberg, 1988; Kowalski and Eddy, 1989). The DNA helix in this region is 

intrinsically unstable (Kowalski and Eddy, 1989),and this is the region where the 

origin unwinds (Bramhill and Kornberg, 1988), and where the replicative helicase 

(DnaB) is loaded prior to the establishment of new replication forks (Messer et al., 

2001; Mott et al., 2008; Weigel and Seitz, 2002). Within each 13-mer repeats are 6-

mer DnaA binding sites with recognition sequence 5’ – T/AGATCT (Speck and 

Messer, 2001; figure 4A). The right end of the DUE region contains two recently 

identified “DnaA trio” elements (3’-GAT) (Richardson et al., 2016; Figure 6A); 
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trios are reported to bind DnaA and appear to be a conserved feature of bacterial 

replication origins.  

Many bacterial replication origins also have recognition sites for proteins 

other than DnaA; these sequences generally bind protein which regulate activity in 

the cell cycle (Wolanski et al., 2015). E. coli oriC contains binding sites for two 

non-essential DNA bending proteins, IHF and Fis (Figure 4), in the left half and 

right half of oriC respectively (Filutowicz and Appelt, 1988; Polaczek, 1990). E. 

coli oriC also has thirteen 5’ GATC sequences (Figure 4), which overlap some low 

affinity DnaA recognition sites and 6-mer ATP-DnaA boxes. GATC is the 

recognition sequence for deoxyadenosine methyltransferase (Dam), which 

recognizes the palindromic sequence and methylates adenines on both DnaA 

strands. During DNA replication, passage of the fork leaves the new strand 

unmethylated, while the parental (template) strand retains the methyl group on the 

A, causing the DNA to be hemi-methylated. The protein SeqA recognizes and 

binds to the hemi-methylated 5’ – GATC sites and when bound, SeqA blocks 

binding of DnaA (Boye et al., 1996). 

 

INITIATOR PROTEIN DnaA 

 In E coli, DnaA is a 52.5 kD protein, encoded by the dnaA gene is located 

in the right replicore 42 kilobase pairs from oriC (Ogasawara and Yoshikawa, 

1992). DnaA is required for unwinding the origin both in vivo (Mordoh et al., 1970) 
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and in vitro (Fuller et al., 1981), and is also needed to recruit the replicative 

helicase (DnaB) and helicase loader (DnaC) (Mott et al., 2009, 2008; Sutton et al., 

1998). DnaA is highly conserved throughout the bacterial kingdom (Messer, 2002; 

Messer et al., 2001). DnaA binds both ATP and ADP with high affinity(KD = 

0.03µM for ATP and 0.1 µM for ADP) (Sekimizu et al., 1987), and the bound 

nucleotide acts as an allosteric regulator (Sekimizu et al., 1987). Biochemical 

studies demonstrated that the ATP-bound form is essential for unwinding 

(Sekimizu et al., 1988, 1987). For this reason, DnaA-ATP is considered to be the 

“active” form of the initiator.  

 DnaA contains four functional domains (Messer et al., 1999; Sutton and 

Kaguni, 1997; figure 5A). The amino-terminal domain I (1 – 90 aa) that interacts 

with additional DnaA molecules via a hydrophobic face (Simmons et al., 2003; 

Mima et al., 2002; figure 5B) and this interaction is required for cooperative DnaA 

binding during orisome assembly, as described in more detail below (Miller et al., 

2009). A different motif within this domain also interacts with DnaB and is 

responsible for recruiting the helicase to the origin. This domain also interacts with 

several regulatory proteins, including DiaA (discussed below) (Ishida et al., 2004; 

Sutton et al., 1998). Domain II (aa 90 – 130) is the least conserved domain. It links 

domain I to domain III. Domain II can tolerate certain insertion and deletions 

without loss of function. Domain III (aa 130 – 347), contains the nucleotide binding 

motifs (Erzberger et al., 2002; Walker et al., 1982). This domain also carries an 
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arginine at position 285 (the arginine finger; see Figure 5A and B) that is involved 

in ATP dependent  self-oligomerization (Kawakami et al., 2006, 2005; Felczak et 

al., 2005; Felczak and Kaguni, 2004;). This domain also interacts with the helicase 

loader, DnaC (Mott et al., 2009). The C-terminal domain IV (aa 347 – 467) 

(Messer et al., 1999), contains a helix-turn-helix motif that binds to the double-

stranded 9-mer DnaA recognition sequences (Fujikawa et al., 2003). The interface 

between domains III and IV also contains amino acids that interact with membrane 

acidic phospholipids (Crooke, 2001). 

 The crystal structure of E coli DnaA has never been solved, although 

individual domain structures (I and IV) have been determined (Abe et al., 2007; 

Fujikawa et al., 2003). However, the Berger lab solved the structure of a truncated 

DnaA (containing only domains III and IV) from the thermophilic bacterium 

Aqufiex aeolicus (Erzberger et al., 2006, 2002). These studies established DnaA as 

a member of the AAA+family of ATPases. AAA+ proteins are found in all 

domains of life and have a structurally conserved ATP-binding motif. Generally, 

the ATP-bound form of AAA+ proteins oligomerizes in a head-to-tail manner to 

form a higher order structure that undergoes a conformational change upon ATP of 

function (Messer et al., 1999; Figure 5A) and is required to promote optimal DnaB 

recruitment to oriC (Molt et al., 2009). The most highly conserved domain is  

binding and hydrolysis(Duderstadt and Berger, 2008; Erzberger et al., 2006; Figure 

5B and C). For DnaA-ATP, the oligomeric form is a helical filament, the crystal  
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Figure 5. Structure of DnaA. (A) E. coli DnaA contains four domains, the 
functions of which are listed below the domains. Amino acid residues shown in 
domain I and III have been shown by mutational analysis to be required for specific 
functions (see specific information in the text). (B) Cooperative binding of DnaA to 
double-stranded DNA. DnaA domain I interactions are used to recruit additional 
DnaA molecules for binding to the adjacent 9-mer sequence. In this form, domain 
IV is in a configuration that can interact with dsDNA. Beige DnaA molecules show 
DnaA recruitment from a bound molecule. (C) Oligomeric DnaA-ATP. When 
bound to ATP, DnaA undergoes a conformational change where domain IV flips up 
closer to domain III. Interactions between the AAA+ domains result in formation of 
a right-handed helical filament with ssDNA binding activity. 
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structure also revealed that the DnaA had structural similarity to eukaryotic and 

archaeal initiator proteins (Erzberger et al., 2002).  

 

FEATURES OF DnaA-ATP 

DnaA-ATP preferentially binds 6 of the double-stranded DNA low affinity 

sites in oriC (tau 2, I1, I2, I3, C2, and C3) (Figure. 4A), while the remaining sites 

are capable of binding both nucleotide forms equivalently (Kawakami et al., 2005; 

McGarry et al., 2004; this work). Although monomeric DnaA does not bind 

ssDNA, DnaA-ATP oligomeric filaments have ssDNA binding activity (Duderstadt 

et al., 2010; Erzberger et al., 2006), and this activity requires residues in both 

domains III and IV (Duderstadt et al., 2010). It is unclear whether there is a 

sequence requirement for ssDNA binding. Speck and Messer (2001) found that 

certain sequences in the 13 mer repeats in the DUE bound only DnaA-ATP (Speck 

and Messer, 2001), and Ozaki et al (2008) found that V211 and R245 residues of 

domain III capture ssDNA in a sequence specific manner (Ozaki et al., 2008). In 

contrast, Duderstadt et al (2010) found no sequence requirement for binding of 

DnaA-ATP to ssDNA (Duderstadt et al., 2010). Studies by the Murray lab on B. 

subtilis oriC suggested that three base pair motifs, termed DnaA trios, are required 

for binding to oligomeric DnaA-ATP and for origin unwinding (Richardson et al., 

2016). 
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Only the ATP-bound form is capable of unwinding oriC in vitro (Sekimizu 

et al., 1987), but it has not been determined whether this requirement is due to the 

need for DnaA-ATP for binding to low affinity sites, or a need for the oligomeric 

DnaA-ATP form, or for both. One of the studies in this dissertation focuses on this 

issue. 

REGULATION OF DnaA-ATP LEVELS IN CELLS 

 DnaA-ATP levels are tightly regulated during the cell (Hansen and Atlung, 

2018). As described in more detail below, DnaA-ATP is generated by new 

synthesis and by recycling mechanisms that include binding to the DARS loci and 

binding to acidic phospholipids (Boeneman and Crooke, 2005; Fujimitsu et al., 

2009; Kurokawa et al., 1999). The intrinsic ATPase activity of E. coli DnaA is very 

slow, and hydrolysis to the ADP form requires stimulation provided by the Hda 

protein and by binding to a high DnaA capacity locus on the chromosome (datA) 

(Kato and Katayama, 2001; Kitagawa et al., 1998). The concerted action of these 

mechanisms causes DnaA-ATP levels in cells to fluctuate during the cell cycle, 

increasing to their peak levels near the time of initiation and rapidly decreasing 

immediately after initiation (Kurokawa et al., 1999).  

 

GENERATION OF DnaA-ATP 

Because the levels of ATP in cells is higher than the levels of ADP, newly 

translated DnaA is bound to ATP, and DnaA-ATP levels are regulated in part by 



 

 21 

mechanisms that control transcription of the dnaA gene. DnaA protein is a 

transcriptional repressor that regulates its own synthesis by binding to recognition 

sites in the dnaA promoter region (Hansen and Atlung, 2018; Speck et al., 1999). 

Some of the sites preferentially bind DnaA-ATP. Thus, when DnaA-ATP levels are 

highest, dnaA transcription decreases, and when DnaA-ATP levels are low, 

transcription increases. Additionally, the dnaA promoter contains multiple GATC 

sequences, and transcription of dnaA is shut down immediately after the gene is 

duplicated during chromosome replication by binding of the SeqA protein to the 

promoter region (Campbell and Kleckner, 1990). This inhibition of transcription 

lasts approximately 1/3rd of the cell cycle and contributes to the rapid decrease in 

DnaA-ATP levels after initiation (Katayama et al., 1998).  

DnaA-ATP can also be recycled from DnaA-ADP by two exchange 

mechanisms. The first utilizes membrane acidic phospholipids to change DnaA 

conformation so that nucleotide is lost. The nucleotide-free forms quickly binds 

ATP (Boeneman and Crooke, 2005; Crooke, 2001; Sekimizu and Kornberg, 1988). 

The other exchange mechanism utilizes the DARS1 and DARS2 loci on the 

chromosome. These sites bind DnaA-ADP, mediate removal of the bound ADP, 

and then release the protein whereupon it quickly binds ATP (Fujimitsu et al., 

2009; Katayama et al., 2017). The mechanism for both these exchange mechanisms 

remain poorly understood.  
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HYDROLYSIS OF DnaA-ATP TO DnaA-ADP 

Initiation of chromosome replication establishes new replication forks, 

containing DNA polymerase and associated factors. One of these factors, the  β-

clamp of DNA polymerase III  associates with a protein, called Hda (Katayama et 

al., 1998; Kato and Katayama, 2001), which has some similarity to DnaA including 

a putative AAA+ domain. Hda bound to the clamp interacts with DNA-bound 

DnaA and stimulates its ATPase activity, through a process termed as Regulatory 

Inactivation of DnaA (RIDA) (Nakamura and Katayama, 2010; Su’etsugu et al., 

2008, 2005). Mutations in the Hda domain that targets clamp interaction, the 

AAA+ domain  (Su’etsugu et al., 2005) or the DnaA-interaction domain  

(Su’etsugu et al., 2008) render the protein inactive and increase DnaA-ATP levels, 

which result in untimed replication initiation events (Keyamura and Katayama, 

2011; Riber et al., 2006; Camara et al., 2005; Kato and Katayama, 2001). While 

Hda is not conserved, it has been identified in several other bacterial types, 

including  C. crescentus (Skarstad and Katayama, 2013; Collier and Shapiro, 2009; 

Noirot-Gros et al., 2002).  

In addition to RIDA, DnaA-ATP binding to sites in a locus called datA also 

induces DnaA-ATP hydrolysis. datA is located at 94.7 minutes on the chromosome 

(950 bp from oriC) and binds up to 50 DnaA molecules. Once bound, the DnaA 

molecules form an uncharacterized higher order complex in which the bound ATP 

can be hydrolyzed independently of the RIDA system. DnaA binding to datA locus 
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is stimulated by Integrated host factor (IHF) protein, which produces a DNA bend 

while bound to the datA locus and stabilizes the complex (Kasho et al., 2017; 

Kasho and Katayama, 2013; Katayama et al., 2017). Although the mechanism that 

is involved in ATP hydrolysis is not known, it is proposed that DnaA-ATP-specific 

binding sites in datA stimulate ATP hydrolysis (Kasho et al., 2017; Katayama et al., 

2017).  

 

E. coli ORISOME ASSEMBLY 

In cells, E. coli orisome assembly is stringently regulated so that the 

orisome triggers initiation only once, and at the correct time, in the cell cycle. 

Orisome assembly is a staged process involving ordered binding of DnaA to oriC, 

and the affinity and positioning of the DnaA binding sites in the origin direct this 

process (Rozgaja et al., 2011). In the first stage, which lasts most of the cell cycle, 

DnaA is bound to the high affinity sites (R1, R2, and R4) (Cassler et al., 1995). 

This complex establishes a DnaA conformation that prevents premature origin 

unwinding (Kaur et al., 2014). and also forms a scaffold on which the rest of the 

orisome is assembled (described below in detail). Based on its temportal and 

functional similarities to the eukaryotic Origin Recognition Complex (ORC), the 

persistent scaffold has been termed the bacterial ORC (bORC) (Nievera et al., 

2006). The bORC stage (Figure 6) ends near the time of initiation, when DnaA-

ATP levels are high enough (Kurokawa et al., 1999) for the DnaA bound to high 
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affinity sites to recruit additional DnaA-ATP, placing it in proximity to the weak 

sites, which recognize and bind the initiator, forming an higher ordered structure 

sometimes termed the pre-replicative complex, or pre-RC (Miller et al., 2009; 

Rozgaja et al., 2011). The cooperative binding mediated by DnaA recruitment and 

weak site recognition is essential for occupation of the low affinity sites, which are 

not capable of binding DnaA independently (Rozgaja et al., 2011; Schaper and 

Messer, 1995). This cooperative binding can be delayed by binding of Fis to its site 

in oriC (Figure 6). 

When all sites are bound by DnaA, the completed orisome unwinds the 

DUE region between the R and M 13-mers (Figure 6), forming what is termed the 

“open complex” (Bramhill and Kornberg, 1988). At this stage, DnaA also recruits 

helicase and helicase loader. A single hexameric helicase complex is loaded onto 

each of the single strands (Bell and Kaguni, 2013; Mott et al., 2008; Wahle et al., 

1989a, 1989b), and helicase increases the size of the unwound region so that the 

remaining replication proteins can be loaded to assemble new replication forks 

(Fang et al., 1999; Funnell et al., 1987). DnaA is likely removed from oriC binding 

sites either when helicase moves through the origin, or by passage of the replication 

forks through the origin. Replication of origin DNA causes it to become hemi-

methylated, allows the SeqA protein to bind. Since the GATC sites that bind SeqA 

overlap weak, but not strong DnaA boxes, SeqA allows the bORC to reform, but 

prevents reformation of the pre-RC until SeqA is removed after 1/3 of the cell cycle 
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by re-methylation of the sequence (Nievera et al., 2006). The concerted actions of 

SeqA repressing dnaA transcription, RIDA, and datA rapidly reduce DnaA-ATP 

levels so after the sequestration period ends and the low affinity DnaA binding sites 

in oriC are no longer blocked by SeqA, there is not enough DnaA-ATP in cells to 

reform the orisome until more DnaA accumulates by new synthesis and exchange 

reactions.  
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Figure 6. Model of staged E. coli orisome assembly. Stage 1: Throughout most of 
the cell cycle, DnaA binds to high affinity DnaA boxes (red squares). Fis is also 
bound at this time, but IHF is not. Stage 2: Upon Fis displacement, IHF binds and 
bends the DNA between R1 and R5M. Simultaneously, DnaA bound to R1 and R4 
donate DnaA to the proximal low affinity sites R5M and C1. Cooperative binding 
allows the rest of the low affinity sites to become occupied. After this step, A 
compact DnaA oligomer is recruited onto ssDUE. 
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POSITION OF DnaA BINDING SITES DIRECTS OCCUPATION OF LOW 

AFFINITY SITES 

In E. coli, the low affinity recognition sites, are incapable of binding DnaA unless it 

is donated to them by a nearby bound DnaA molecule (Schaper and Messer, Miller 

et al., 2009; Rozgaja et al., 2011). In normal orisome assembly, DnaA at R1 and R4 

in the bORC, recruits DnaA for binding to the nearest low affinity site, which is 

R5M on the left, and C1 on the right (Figure 4 and 6). Then, DnaA bound to these 

sites recruits the DnaA-ATP molecule needed to bind the next low affinity site (T2 

or I3), and binding progresses by sequential recruitment and donation, toward R2 

(Figure 6). The 2 bp spacing between each low affinity site is critical for the 

cooperative binding between low affinity sites, since cooperative donation 

decreases when distance between two DnaA binding boxes increase (Rozgaja et al., 

2011). Cooperative binding is also reported to be assisted by a protein, called DiaA 

(in E. coli) and HobA (in H. pylori), that binds to the N-terminus of DnaA (Figure 

5) and can link four DnaA molecules together. While it is not yet clear where DiaA 

functions during orisome assembly, it has been shown that addition of DiaA to in 

vitro binding reactions decreases the DnaA concentration required to fill low 

affinity sites (Sakiyama et al., 2017; Ishida et al., 2004), and that DiaA null mutants 

under-initiate.   

While cooperative binding from R4 to C1 in the right array should proceed 

without difficulty, the 46 bp separation between R1 and R5M necessitates a DNA 
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bend that brings both sites in proximity to assist a cross-strand donation (Vora, M., 

dissertation., 2013; figure 6). This bend is stabilized by IHF which recognizes the 

5’- GATCAACAACCTG sequence in the 46 bp spacer region (Polaczek, 1990). In 

this dissertation, the effects of removing this bend region are examined.  

 

The two bending proteins that bind to oriC, Fis and IHF, are likely to 

regulate orisome formation in a growth-rate dependent fashion. In rapidly growing 

E. coli cells, Fis, a growth-rate regulated protein (Mallik et al., 2006; Nilsson et al., 

1992) is bound between R2 and R4 and suppresses both DnaA occupation and IHF 

binding (Ryan et al., 2004). Binding of DnaA to low affinity sites in the right half 

displaces Fis and allows IHF to bind, facilitating abrupt DnaA occupation of the 

left half of oriC (Ryan et al., 2004). In slow growth conditions, Fis is absent, and 

IHF, which is not growth rate regulated, should be bound most of the cell cycle 

(Ditto et al., 1994), and allow DnaA bound at R1 to easily interact with R5M as 

soon as DnaA levels are high enough. 

  

ORIGIN UNWINDING AND DnaA BINDING TO SINGLE STRANDED DUE 

Once all the low affinity sites in the left and right halves of oriC are 

occupied, DNA in the DUE unwinds (Grimwade et al, 2000). While it is clear that 

DnaA mediates this unwinding, the mechanism by which it does this is not yet fully 

understood (discussed further below). It is also not clear what the role occupation 
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of the low affinity sites plays in this process, nor how many of the low affinity sites 

are required. Regardless, once the DUE is opened, several studies show that DnaA-

ATP binds to the single-stranded region (Bramhill and Kornberg, 1988; Ozaki et 

al., 2008; Speck and Messer, 2001), although there is disagreement about whether 

or not this is at specific sequences (Duderstadt et al., 2010; Ozaki et al., 2008). It is 

also not yet clear how DnaA is delivered to the unwound region. Studies in this 

dissertation address these issues. 

Several models have been proposed for origin unwinding. One set of 

models proposes that DnaA bound to R1 recruits additional DnaA-ATP molecules 

that extend toward the DUE, creating a continuous filament that separates the 

strands (Duderstadt et al., 2011; Speck and Messer, 2001; figure 7A). Evidence for 

this includes studies that show that precise spacing between the DUE and R1 is 

required for proper origin function (Hsu et al., 1994). Disrupting the spacing even 

by one base pair in plasmids bearing E. coli oriC blocks origin activity by 

inhibiting open complex formation (Hsu et al., 1994). Biochemical evidence 

suggests that DnaA-ATP filaments have DNA stretching activity, and it is the 

stretching that is proposed to force DNA strand separation (Duderstadt et al., 2011; 

Figure 7A). Also supportive of this model are recent studies examining the, DnaA 

trio sequences in B. subtilis, which are reported to engage DnaA-ATP and direct 

the position and length of the stretching filament (Richardson et al., 2016). 

Scrambling the trio sequences in B. subtilis oriC produces an origin defective in 
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unwinding (Richardson et al., 2016). In this model set, DnaA binding to a 9-mer 

adjacent to the unwinding region/ trios (e.g. R1 in E. coli) (see Figure 4) is an 

essential feature, evidenced by the finding that in B. subtilis, DnaA binding to the 

box adjacent to the DnaA trio is required (Richardson et al., 2016). However, 

mutational analysis of E. coli oriC showed that DnaA binding to R1 is not required 

for E. coli oriC function (Kaur et al., 2014),  

An alternate model for E. coli origin unwinding has been proposed in which 

the DNA bend, created by IHF, places the DUE in proximity to DnaA-ATP bound 

to the left array of low affinity sites (Figure 7B and 7C). This configuration would 

allow DnaA-ATP to directly interact with the DUE (Figure 7C), somehow 

destabilizing the helix (Ozaki et al., 2012; Ozaki and Katayama, 2012; Sakiyama et 

al., 2017), or would allow DnaA-ATP to be donated in trans to the DUE (Figure 

7B), which would be unwound by torsional stress generated by DnaA binding to 

the arrays of low affinity sites (Leonard and Grimwade, 2015). Although how 

oligomer formation on the left array might unwinds the origin is not known, it has 

been proposed that DnaA binding to the left array can creates a right-handed 

supertwist (Erzberger et al., 2006; Zorman et al., 2012). This positive twist is 

proposed to be compensated by negative twist in the DUE, to an extent that is 

sufficient to separate the two DNA strands. Experiments testing these models are 

presented in this dissertation.  
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Figure 7. Model of origin unwinding and compact DnaA recruitment. (A) 
DnaA bound to R1 recruits additional molecules of DnaA towards DUE that that 
creates a continuous filament that allows strand separation. This filament also 
allows a transition from extended structure to a compact from of DnaA which then 
ultimately binds ssDUE. (B) IHF created bend brings DUE in close proximity to 
the left array. Compact DnaA molecules are donated via trans interaction to ssDUE. 
(C) Domain III of DnaA molecules bound to the left array is capable of interacting 
with the ssDUE to stabilize the unwound complex. For both (B) and (C), DnaA 
bound to the left array creates right handed supertwists and separates the two DNA 
strands at the DUE region. 
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WHICH ORIGIN ELEMENTS ARE REQUIRED FOR FUNCTION IN E. coli? 

 There has been extensive mutational analysis of E. coli oriC. Early studies 

examined the effect of mutations on oriC plasmids (Grimwade et al., 2007; Hsu et 

al., 1994; Rozgaja et al., 2011; Weigel et al., 2001) until the growing body of 

evidence demonstrated that mutations that eliminated origin function on oriC 

plasmids were well tolerated on the chromosome (Kaur et al., 2014; Riber et al., 

2009; Weigel et al., 2001). Fortunately, recently developed lambda phage 

homologous recombination systems (Sharan et al., 2009) recombineering have 

streamlined the process of introducing mutations in chromosomal loci; including in 

oriC (Kaur et al., 2014; Leonard and Grimwade, 2015).  

Mutations made to chromosomal oriC reveal a surprising plasticity in the 

requirement for specific sequence elements, since protein binding sites and even 

entire regions can be eliminated without loss of function (Kaur et al., 2014; Riber et 

al., 2009; Stepankiw et al., 2009; Weigel et al., 2001). However, because of the 

plasticity, questions remain regarding what features of the origin are critical in 

directing assembly of a functional orisome. It is even possible that there could be 

alternative modes of origin activation, where motifs that are essential in one mode 

would be dispensable in another mode.  

The goal of this dissertation was to use mutational analysis to analyze the 

roles of specific sequence elements and motifs in oriC in vitro and in vivo, to 

identify features essential for E. coli orisome assembly. The role of low affinity 
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DnaA-ATP sites was clarified, and unexpectedly revealed that DnaA-ADP has 

more mechanical activity in origin activity that had been previously thought. I also 

found that there is an unexpected plasticity in the requirement for the number and 

location of low affinity sites. I also found that the IHF bend region was essential 

unless oriC was modified to make it more similar to the B. subtilis origin. In this 

configuration, DnaA trio elements were found to be required. Combined, the data 

suggest that among bacteria, there may be differing orisome assembly paths leading 

to initiation.  
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MATERIAL AND METHODS 

 

I. MATERIALS 

A. CHEMICALS, OLIGONUCLEOTIDES, ENZYMES, AND KITS:  

All chemicals used for the experiments were purchased from Sigma-

Aldrich, Fisher Scientific, or Midwest Scientific (IBI). Components of bacterial 

growth media were from Gibco or IBI. Antimicrobial drugs were purchased from 

Midwest-scientific or Sigma-Aldrich in powdered form. γ-32P-ATP used for DMS 

footprinting was purchased from PerkinElmer. Urea gel components and poly 

acrylamide gel reagents were purchased from National Diagnostics. Plasmid mini-

prep kits or PCR cleanup kits were purchased from Qiagen or IBI (MIDSCI). Pro-

bond resin, used for His-10 DnaA isolation and Vibrant DyeCycle Green, used for 

flow cytometry analysis, was purchased from Thermo Scientific/Invitrogen.  

All oligos for site directed mutagenesis, oriC amplification and footprinting 

primer extension reactions were purchased from Thermo Scientific/Invitrogen. A 

list of the primers used in this study has been provided in Appendix Table number 

1. All enzymes used for this study were purchased from New England Biolabs 

(NEB), Bioline, or Sigma Aldrich.  
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B. BACTERIAL STRAINS AND PLASMIDS: 

A detailed list of bacterial strains and plasmids used in this study has been 

provided in appendix table numbers 2 and 3. 

 

I. METHODS 

A. CELL MAINTENANCE AND FREEZER STOCKS: 

To prepare cells for plasmid isolations and for transformation, cells were 

plated onto Luria Bertani (LB) agar plates (10mg/ml Tryptone, 15 g/l bacto agar, 

5mg/ml yeast extract and NaCl, pH 7.0) supplemented with 10 µg/ml thymine and 

grown overnight. Single colonies were picked and grown for 12 – 18 hours or 

overnight (at temperatures mentioned in each method) in LB media, using a culture 

flask at-least five times greater than the culture volume. Appropriate drugs were 

added to the culture. Cell stocks were frozen at -70°C in a mixture containing cell 

suspension and sterile 50% glycerol at a 1:1 ratio.  

 

B. CHEMICAL COMPETENT CELL PREPARATION AND 

TRANSFORMATION: 

A single colony from plates incubated overnight was used to inoculate LB 

broth containing the appropriate drugs and incubated overnight at 37°C 

(ACL402was incubated at 32°C) with aeration. The following day, the overnight 
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culture was used to inoculate fresh LB (1:100 ratio of cells to broth) and incubated 

at appropriate temperature with gentle agitation, until OD600 reached 0.4 – 0.5. 

Cells were then transferred to an ice-bath for 20 – 30 minutes in a cold room 

maintaining 4°C. At the end of incubation, cells were transferred to pre-chilled 

sterile centrifuge tubes and pelleted at 7000rpm for 10 minutes in a Sorvall SA-600 

at 4°C. Next, the supernatant was carefully discarded, and the tubes were 

immediately placed on ice. The subsequent steps in this procedure were performed 

in the cold room. The pellet was re-suspended in 1 ml of sterile, ice-cold 0.1M 

CaCl2 and then 30 -40 ml of ice-cold CaCl2 was added to the re-suspended cells. 

The cell suspension was then incubated on ice in the cold-room for 30 minutes 

before re-pelleting. The cell pellet was re-suspended in 1 ml sterile cold 0.1M 

CaCl2, and, if concentration of the cells was required, cells were re-pelleted and re-

suspended in 200µL 0.1M CaCl2. 50 µL aliquots were used for transformation. For 

freezing chemical competent cells at -70°C, the cells were re-suspended in 200µL 

0.1M CaCl2 and 15% sterile glycerol (ice-cold) and frozen in 50 µL aliquots.  

For transformation of plasmids into chemically competent cells, competent 

cell aliquots in ice (frozen aliquots were allowed to thaw on ice), were mixed with 

100ng of supercoiled plasmid DNA. Next, the cells were placed in a 42°C water 

bath for precisely 45 seconds and then transferred immediately to ice. After 2 

minutes, 450µL fresh LB broth lacking antibiotic was added to the transformed 

cells and incubated at the appropriate growth temperature for 1 hour with gentle 
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agitation. After incubation, 100µL of the cell suspension was plated onto LB agar 

containing the appropriate antibiotic and incubated at for 18 – 24 hours at 37°C or 

the appropriate growth temperature.  

 

C. PLASMID DNA ISOLATION: 

For all plasmid isolation procedures, cultures were grown in LB broth 

containing the appropriate antibiotic at 37°C with gentle aeration. Qiagen or IBI 

plasmid miniprep kits were used (according to manufacturer’s instructions) to 

isolate plasmids for most applications. Alkaline lysis (used for DMS footprinting 

and P1 unwinding assays) method was used, mentioned below. 

Overnight cultures were setup in LB broth as mentioned above. The 

following day, 200 ml day-culture were setup at a ratio 1:100 of overnight to fresh 

sterile media. The cells were grown with gentle agitation at 37°C until the optical 

density of OD600 0.9 reached. Then, the cultures were chilled in an ice bath for 10 

minutes and pelleted using a Sorvall SA-600 centrifuge at 7000 rpm for 10 minutes 

at 4°C. The supernatant was decanted, and the remaining media was carefully 

aspirated leaving the pellet undisturbed. 

The pellet was re-suspended in 10ml of pre-chilled TEG (25mM Tris, 

pH 8.0, 50mM dextrose, 10mM EDTA pH 8.0). Next, 10ml of room temperature 

NaOH-SDS solution (0.2M sodium hydroxide and 1% sodium dodecyl sulfate) was 

added to the cell suspension and gently mixed by inverting the tubes 5 – 6 times 
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and incubated at room temperature for 5 minutes. Then, 10ml of ice-cold Acetate 

solution (3M potassium acetate and 11.5% glacial acetic acid) was added to the 

lysed cells and gently mixed by inverting the tubes for 5 – 6 times and incubated on 

ice for 10 minutes. After incubation, the solution was centrifuged in a Sorvall SA-

600 at 7000 rpm for 15 minutes at 4°C. Next, supernatant was decanted into a new 

centrifuge tube. An equal volume of isopropanol was added to the solution to 

precipitate the plasmid DNA and then incubated further at room temperature for 5 

minutes. Next, the plasmid DNA was precipitated in a Sorvall SA-600 refrigerated 

centrifuge at 7000 rpm for 10 minutes. Supernatant was discarded, and the pellet 

was washed twice with 70% ethanol. Ethanol was discarded, and the pellet was air-

dried for 20 minutes and then were re-suspended in 1ml Elution buffer (10mM 

Tris-Cl, pH 8.5). Next, the plasmid DNA was extracted twice using an equal 

volume of 25:24:1 phenol:chloroform:isoamyl alcohol and the aqueous layer was 

carefully transferred to a new tube and the DNA was separated from the phenol 

using 24:1 chloroform:isoamyl alcohol and then the DNA was precipitated at room 

temperature by adding 1/10 volume of 3M Sodium Acetate pH 5.2 and 2 volumes 

chilled 100% ethanol for 3 minutes. The DNA was pelleted using a refrigerated 

micro-centrifuge maintaining 4°C for 12 minutes at 14000 rpm. The Pelleted DNA 

was washed with 70% ethanol and spun down again for 5 – 6 minutes in a 

refrigerated centrifuge. Supernatant was discarded, and the remaining ethanol was 

air-dried for at-least 20 minutes. Next, the pellet was re-suspended in 300µl of 
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elution buffer and incubated with 1/10 volume on RNase (1mg/ml) at 37°C for 4-5 

hours and ethanol precipitated using 1/10 volume 3M Sodium acetate and 2 

volumes 100% ethanol at -20°C for at-least 1 hour; pelleted in a refrigerated micro-

centrifuge as mentioned above. Pelleted DNA was re-suspended in 100µl elution 

buffer and 1, 2 and 5µl of the DNA sample was run on 1% agarose gels made in 1X 

TBE (Tris Borate EDTA) (5X = 54g Tris base + 27.5g boric acid and 20ml 0.5M 

EDTA, pH 8.0, in 1L deionized water) buffer along with control plasmid to 

estimate DNA concentration. Estimated DNA was then passed through a Qiagen or 

IBI kit columns to clean the DNA and measured the accurate yields using Thermo 

Scientific Nanodrop 2000c spectrophotometer.  

  

D. MUTANT oriC PLASMIDS CONSTRUCTION: 

Site directed mutagenesis was used to construct mutant oriC plasmids. 

The starting template for all oriC mutagenesis was pOC170 (Roth and Messer, 

1995). pOC170 contains wild type E. coli oriC, the pBR322 origin, and the bla 

gene encoding resistance to ampicillin. For each mutagenesis reaction, bidirectional 

primers were designed that were 36 (+/- 4 bp) in length. The primers contained the 

desired mutations in the center flanked by sequences homology (10-15bp) to the 

template (see oriC mutations and their sequence in the appendix table number 4). 

Annealing temperatures (TM) for these primers were calculated using the 

application provided by ThermoFisher, minus 5°C to account for the mismatched 
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base pairs. Each 50 µL reaction mix contained 50ng of pOC170, 10mM dNTPs, 

18pmols of forward and reverse primer, 250mM MgSO4 and 2 units of either Vent 

DNA polymerase (NEB) or Accuzyme (Biolone) in 1X polymerase buffer provided 

by the manufacturer. Sterile nuclease free water was used to bring the volume up to 

50 µL. PCR conditions were: denaturation at 95°C for 30 seconds, annealing (at the 

calculated temperature) for 1 minute and extension at 72°C for 4 minutes. These 

three steps were repeated for 14 cycles. After the mutagenesis reaction, 5µl of the 

sample was mixed with gel loading dye (30% glycerol and 0.25% bromophenol 

blue) and separated through 1% agarose gel using 1X TBE as the running buffer. 

After staining with ethidium bromide (12.5 µl in 250 ml), the mutated product was 

identified as a 3852 bp DNA band by viewing in a BioRad chemidoc XRS. 

Quantity One software was used to document the gel.  

If the appropriately-sized DNA band was present, the remaining samples 

were digested with 20 units of Dpn1 enzyme at 37°C for 1 hour to remove the 

template. Next, 5-10 µl of the mutagenesis product was transformed in chemical 

competent DH5α or XL1-Blue E coli cells as described above and plated on LB 

agar containing 100ug/ml ampicillin.  
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E. HOMOLOGOUS RECOMBINATION / RECOMBINEERING: 

GENERATION OF MUTANT oriC PCR FRAGMENT: 

To generate the PCR fragments containing mutated oriCs, pOC170 or 

mutant oriC plasmids were transformed into chemically competent ACL402 strain 

and selected on LB plates containing 100µg/ml ampicillin. Colonies obtained after 

18 – 24 incubations at 32°C were then used for colony PCR. A single colony was 

pricked using a sterile pipette tip and dissolved in 15 µl of sterile nuclease free 

water. 1 µl of the cell suspension was used as a template for colony PCR reactions. 

Prior to usage, all the reagents for PCR reaction mix were thawed on ice and the 

master mix was subsequently prepared on ice as well. A 25 µl PCR reaction mix, 

contained 25pmols of oriC swap recombineering and OR10 primer (see appendix 

table number 1 for primer sequence), 1.2µl of 2X OneTaq mastermix (NEB) and 1 

µl template. The remaining volume was made up using sterile nuclease free water. 

OriC swap recombineering primer anneals upstream on origin region and OR10 

anneals in the mioC region downstream of the oriC region, giving enough flanking 

homology required for homologous recombineering procedure. The PCR 

conditions were: initial denaturation at 95°C for 5 minutes, followed by 

denaturation at 95°C for 30 seconds and an annealing at 55°C for 1 minute. 

Samples were extended for 1.5 minutes at 68°C. Steps two through four were 

repeated for 34 more cycles and further extended at 68°C for 5 minutes.  
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After the PCR, 2µl of the sample was mixed with gel loading dye (30% 

glycerol and 0.25% bromophenol blue) and was run on a 1% agarose gel made in 

1X TBE to check for the presence of a DNA band near 1000bp. After staining the 

gel with ethidium bromide (12.5 µl in 250 ml), the mutated product was identified 

as a 1000 bp DNA band by viewing in a BioRad chemidoc XRS. Quantity One 

software was used to document the gel.  

If the band was present, the remaining sample was digested with 20 units 

of Dpn1 enzyme for 1 hour at 37°C and subsequently incubated in 1/10th volume of 

3M Sodium Acetate and 2 volumes 100% ethanol at -70°C for one hour or at -20°C 

for overnight to precipitate the DNA. Following incubation, the DNA was pelleted 

as mentioned above and re-suspended in 15-20µl of sterile nuclease free water. 

DNA concentration was measured using Thermo Scientific Nanodrop 2000c 

spectrophotometer.  

 

INDUCTION OF RED GENES IN ACL402 STRAIN FOR HOMOLOGOUS 

RECOMBINATION:  

Homologous recombination procedure has been adapted from (Kaur et al., 

2014; Sharan et al., 2009). The recombineering strain (ACL402) harbors a 

temperature inducible, bacteriophage λ Red system (see figure 8) that contains the 

phage recombination genes exo, bet and gam. When induced, the gene produces 

three proteins. Gam, that binds to RecBCD (E. coli nuclease) and prevents 
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degradation of foreign DNA, Exo, that has 5’ – 3’ dsDNA exonuclease activity 

required for degradation of 5’ ends exposing ssDNA and Beta, that binds to ssDNA 

and anneals the two complimentary DNA to the chromosome (Sharan et al., 2009). 

The strain also has a catsacB cassette in place of the chromosomal oriC. Cat gene 

confers chloramphenicol resistance and sacB gene produces sensitivity to sucrose 

(Murphy et al., 2000), thereby allowing a counter selection of replaced fragments in 

place of catsacB after recombineering. Homologous recombination was used to 

insert catsacB replacing the origin region. catsacB was amplified from pKM154 

(this plasmid was a generous gift from Kenan Murphy, Addgene plasmid # 13036). 

In order to drive its chromosomal replication, ACL402 strain contains a plasmid 

replication origin (zia::pKN500) linked to kanamycin resistance, termed R1 origin 

and carries a deletion in the dnaA gene (dnaA::Tn10). A schematic representation 

of oriC specific recombineering is shown in figure 8. 
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Figure 8. Homologous recombineering method for replacing mutant E. coli 
origins in its native position. Inducible Lambda phage mediated homologous 
recombination genes (RED) allows site specific recombineering in E. coli. The 
recombineering strain harbors CatsacB (chloramphenicol resistance and sucrose 
sensitivity) gene in place of E. coli oriC. The strain has a deletion in dnaA gene and 
drives chromosomal DNA replication via R1 origin (zia::pKN500) liked to 
Kanamycin resistance. Short PCR fragments containing mutated oriCs and flanking 
homology to the chromosome can be electroporated into induced RED strains and 
selected by their ability to grow on sucrose plates and loss of chloramphenicol 
resistance. Recombineered oriC mutants can be tested for origin function by 
transforming them with plasmid co-expressing exogenous dnaA (promotes 
initiation from mutated oriC) and copA (silencing RNA that block initiation from 
R1 origin).  
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Prior to the induction of the Red genes in ACL402, all the supplies 

required for the process i.e., sterile 50ml graduated cylinder, electroporation 

cuvettes, p1000, 200 (both medium and extra-long) and 10 micropipette tips, 

microcentrifuge tubes, 50ml Sorvall centrifuge tubes were pre-chilled in the 

freezer. Sterile deionized water was kept on ice. For induction of the RED gene, 

freshly stuck out ACL402 on LB agar plates containing both chloramphenicol 

(12.5µg/ml) and Kanamycin (30µg/ml) or either one of them was inoculated in 

10ml of LB broth containing the drugs and grown at 32°C water bath with gentle 

shaking for overnight. The following day, 500µl of the overnight culture was 

inoculated in 50ml LB broth (no drug) and incubated in a 32°C water bath with 

gentle shaking until OD600 reached 0.4 – 0.5. Then, 20ml of the culture was 

transferred to a 125ml culture flask, pre-warmed at 42°C and continued to incubate 

at the same temperature for 15 minutes with gentle shaking. This step induces the 

RED genes required for recombineering the mutant oriC PCR fragments onto the 

chromosome. After incubation at 42°C, the culture flask was transferred to an ice-

bath and the cells were chilled for 10 minutes. At the end of incubation in ice-bath, 

the cell suspension was transferred to a chilled Sorvall tube and centrifuged in at 

7000rpm (Sorvall SA-600 rotor) for 10 minutes at 4°C. The supernatant was 

discarded, and the centrifuge tubes were quickly transferred to an ice-bath. All the 

steps from this point were performed in a cold room maintaining 4°C. The pellet 

was re-suspended in 30ml of chilled sterile deionized water and pelleted again for 
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10 minutes at 7000rpm. The supernatant was then discarded, and the cells were 

gradually concentrated by re-suspending them in 1ml deionized water and then 

200µl. 50µl aliquots were made. At this point, the cells were electroporated with 

PCR fragments. Alternatively, 12µl of sterile, cold 50% glycerol was mixed well 

with each aliquot and frozen at -70°C until further use. 

 

ELECTROPORATION AND CELL RECOVERY:  

100 – 200ng of the PCR amplified DNA was added to one aliquot and the 

entire cell suspension was transferred to a chilled electroporation cuvette using 

extra-long micropipette tip. The cuvettes were then gently tapped on benchtop to 

get rid on any air bubbles and electroporated using BioRad micropulser using E. 

coli settings. Any electroporation value between 5.0 – 6.0 milliseconds for the 

electroporated cells was for used further steps. Then 1ml of sterile LB broth was 

quickly added to the electroporation cuvette containing the cell suspension and 

transferred to a tube containing 9ml LB broth (no drug). The cells were grown at 

32°C overnight before plating them on selection media. 

 

PLATING AND SELECTION:  

In ACL402, wild type E. coli oriC has been replaced by catsacB gene, 

which confers resistance for chloramphenicol and sensitivity towards sucrose. 

However, after recombineering the mutant oriC fragment, cells loose resistance 
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towards chloramphenicol and can be selected by their ability to grow in presence of 

sucrose. To eliminate background colonies, the cells were serially diluted to10-3, 

10-4, and 10-5 and 100µl of the cell suspension was plated onto LB agar plate 

containing 6% sucrose and 30µg/ml kanamycin. The plates were then incubated at 

32°C for 16 hours. In order to check for the loss of chloramphenicol resistance in 

the recombineered strains, colonies obtained after incubation at 32°C were patched 

on LB agar plates containing Chloramphenicol (12.5µg/ml) and on LB agar plates 

containing 6% sucrose and kanamycin (30µg/ml) and further incubated at 32°C for 

16 – 18 hours. 

At this point, 4 – 5 colonies (chloramphenicol sensitive) were screened for 

the presence of oriC fragment by colony PCR. As described above, the PCR 

conditions were same, however, OR9 and OR10 primer (25pmol/reaction) was 

used. OR9 primer anneals to gidA region and coupled with OR10 primer, amplifies 

the origin of replication, thereby giving a 1500bp fragment, instead ~5000bp 

fragment when catsacB is amplified present in place of the oriC. Presence of a 

1500bp DNA band was verified by running the samples on an agarose gel made in 

1X TBE.  

PCR verified oriC fragments were then treated with 0.5 units of shrimp 

alkaline phosphatase (NEB) to dephosphorylate the DNA fragments and 10 units of 

Exonuclease 1 (NEB) to remove primers. These samples were then sequenced 

using sanger sequencing (facility provided by GENEWIZ sequencing). OR84 
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primer (25pmols) was used for sequence detection. This primer anneals 35bp 

upstream of origin. Sequence verified recombineering strains was used for origin 

functionality test and P1 transduction.  

F. ORIGIN FUNCTION TEST: 

To check for the mutant oriC function in the recombineering strains, 

chemical competent recombineering strain carrying wildtype or mutant oriC in its 

native position were made chemically competent using the protocol mentioned 

above and then transformed with a 100ng plasmid expressing exogenous dnaA or 

copA and plasmid co-expressing both dnaA and copA. 1/5th of the transformed cell 

suspension was plated on LB agar plates containing 100µg/ml ampicillin and 

incubated for 18-20 hours at 32°C. Following incubation, colonies were counted 

and used for calculation of transformation efficiency. Since the recombineering 

strains carry a deletion in the dnaA gene, when transformed with copA expression 

plasmid, no colonies appear on the plate after 18-20 hours incubation 

(transformation efficiencies per µg DNA <0.0001). This result verifies that the cells 

do not harbor any other alternative origins that function in the absence of DnaA and 

also verifies the test system. Since this result is essentially the same for every 

experiment, data for this is not shown in the result section. Duplicates were 

performed to ensure that the results remain the same during all three trials. 
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G. P1 TRANSDUCTION FOR CELL CYCLE ANALYSIS: 

The recombineering strains carry a deletion in the dnaA gene and an 

additional origin. Additionally, they contain a temperature induced Red genes, 

which makes them difficult to grow at 37°C. This makes the strain unsuitable for 

cell cycle analysis. For this purpose, sequence verified mutant origin on the 

recombineered strain was transduced using P1 bacteriophage into a wild type 

background (E. coli MG1655). The protocol followed is essentially described in 

(Thomason et al., 2007). For selection of mutant oriC into MG1655, the recipient 

strain (wild type MG1655) was modified to replace asnA::catr and asnB::tetr 

(MG1655asnA, B oriC::R1 kan). This strain can only be grown in nutrient rich media or 

minimal media supplemented with asparagine and can be grown in absence of 

asparagine if either one of the gene (asnA or asnB) is present. Although the strain 

has wild type dnaA gene, the origin of replication has been disrupted to carry 

zia::pKN500 R1 kanr plasmid origin.  

The donor strain has a wild type asnA gene and asnB gene has been 

replaced by transposon 10 that confers tetracycline resistance. In both the recipient 

and the donor strains, the asnA gene is placed ~1180bp downstream of the oriC. 

Hence after transduction, cells growing in minimal media supplemented with 

glucose and tetracycline and in the absence of asparagine, will have asnA+ 

transduced from the donor (recombineered) strain. Alleles present in proximity to 

the target gene are co-transduced easily, therefore selecting for colonies on minimal 
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media in presence of tetracycline and absence of asparagine transduces asnA+ 

along with the mutant / wildtype oriC. The process of P1 transduction is divided 

into two stages, 1) phage lysate preparation from the recombineered strain and 2) 

transduction of the lysate into MG1655asnA, B oriC::R1 kan. 

 

PHAGE PREPARATION: 

One colony from freshly struck out recombineered strain was inoculated 

in 5ml fresh LB broth supplemented with 30µg/ml and grown overnight at 32°C. 

The following day, 5ml of fresh LB media containing 0.2% dextrose and 5mM 

Cacl2 was inoculated with 1/100 volume of the overnight culture and grown for 30 

minutes at 32°C with gentle shaking. Next 100µl of an active P1vir stock was 

added to the culture flasks and was incubated at the same temperature until the 

culture lysed (~3 – 3.5 hours). After the cells had lysed, 100µl CHCl3 was added to 

the culture flask to ensure complete lysis of the cells and incubated further for 2 

minutes. The lysed cultures were transferred to a 15ml sterile centrifuge tubes 

(MIDSCI tornado tubes) and spun down for 10 minutes at 4000rpm. The 

supernatant was carefully transferred to a new 15 ml sterile tube and then stored at 

4°C. 
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TRANSDUCTION, PLATING AND COLONY SELECTION: 

One colony of the recipient strain, MG1655asnA, B oriC::R1 kan was inoculated 

in 5ml LB broth containing chloramphenicol (12.5µg/ml) and Kanamycin 

(30µg/ml) in a 50ml culture flask and incubated at 37°C water bath with gentle 

shaking for overnight. Next day, 1.5ml of the culture was transferred to a sterile 

microcentrifuge tube and spun down at 14000 rpm for 2 minutes. The supernatant 

was discarded, and the pellet was re-suspended in 750µl of 10mM CaCl2 and 5mM 

MgSO4. Four 100µl aliquots were made and 0, 10, 50 and 100 µl of the prepared 

phage lysate was mixed in each of the tubes. The phage was allowed to infect the 

cells at 37°C in an Eppendorf thermomixer R (no shaking) for 30 minutes and then 

the reaction was stopped by adding 200 µl of sterile 1M sodium citrate and 1ml of 

minimal media (see appendix table number 5 for media composition). Cells 

continued to incubate at 37°C (with or without aeration) for an additional 1 hour 

and then spun down at 14000rpm for 2 minutes. The supernatant was discarded, 

and the cells were re-suspended in 200µl minimal media. 100µl of the cell 

suspension solution was plated on minimal media supplemented with 0.1% 

dextrose and 12.5µg/ml tetracycline. 100µl of the P1vir lysate was also plated on 

the same media. The plates were incubated at 37°C for 48 hours.  

 Colonies appearing in minimal media supplemented with dextrose 

and tetracycline were patched onto LB agar plates containing chloramphenicol 

(12.5µg/ml) and LB agar plates containing kanamycin (30µg/ml) and LB no drug 
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plates. Patched plates were incubated at 37°C overnight and checked for sensitivity 

towards kanamycin (R1 kan::mutant oriC) and chloramphenicol (cat::asnA). If 

needed, heterogeneous colonies were segregated and patched again to check for 

loss of drug resistance. oriC from the colonies that were sensitive to both the drugs 

were amplified using OR9 and OR10 primer and sequenced to verify the presence 

of mutant oriC in its native position.  

 

H. CELL CYCLE RUNOUT AND FLOW CYTOMETRIC ANALYSIS TO 

MEASURE DNA CONTENT IN VIABLE CELLS: 

For cell cycle analysis (run-out experiments), the cultures were grown in 

minimal media supplemented with 0.1% casamino acids and 0.1% glucose or 0.4% 

succinate, 0.01mg/ml, thymine and 20µg/ml uracil in a shaker water bath 

maintaining 37°C at 200 rpm.  

MG1655 (wild type or mutated oriC) was inoculated in the minimal 

media supplemented with 0.1% glucose, 0.1% casamino acids and 0.1% uracil and 

grown overnight at 37°C with gentle shaking. For succinate cultures, carbon source 

was gradually decreased from glucose + casamino acids >> glucose only >> 0.2% 

glycerol >> 0.4% succinate. The following day, 50µl of the overnight culture was 

inoculated in 5ml of fresh media in a 25ml sterile culture flask and incubated at 

37°C with gentle shaking until OD450 reached 0.2 (early exponential phase). 100µl 

of the exponential cells culture was mixed with 900µl of 70% ethanol and stored at 
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4°C until further use. To the remaining culture 300µg/ml of rifampicin and 

15µg/ml of cephalexin was added and then incubated further at 37°C with gentle 

shaking for 4 hours. At the end of incubation, 1ml of the drug treated sample was 

mixed with 9ml of 70% ethanol and stored at 4°C until further use.  

For analyzing the samples in flow cytometer, 1ml of the drug treated and 

non-treated cells was spun down at 5000rpm for 4-5 minutes. The supernatant was 

discarded, and the pellet was re-suspended in 800µl of 50mM Tris-Cl, pH 7.5, 

150mM NaCl containing 0.4 µl Vybrant DyeCycle Green (Invitrogen). 3000 – 

5000 cells/ml was passed through an Accuri C6 personal flow cytometer, and data 

from 10,000 events were collected. C-Flow plus software was used for data 

analysis.  

 

I. HIS10 DNAA ISOLATION FOR DMS FOOTPRINT: 

His10 DnaA isolation was essentially performed as described in (Li and 

Crooke, 1999). pZL411 plasmid (a generous gift from Elliott Crooke, Georgetown 

University) was used to induce dnaA gene. This plasmid contains an intact dnaA 

gene along with 10 histidines upstream of dnaA coding region. The expression of 

the gene is under the T7lac promoter, which is induced by IPTG. The plasmid also 

carries the lac1 gene that represses leaky expression of the T7lac promoter and also 

contains the bla gene that confers ampicillin resistance. Following procedures were 

done to isolate His10-DnaA. 
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INDUCTION OF dnaA GENE: 

For isolation of DnaA, pZL411 was transformed in BL21(DE3)pLysS and 

selected on LB agar plates containing 100µg/ml ampicillin at 37°C. The following 

day, one colony was inoculated in 5ml LB broth containing 100µg/ml ampicillin 

and 12.5µg/ml chloramphenicol and incubated at 37°C with gentle shaking until the 

culture was turbid (mid-log phase), then stored at 4°C overnight. Next day, 1ml of 

the mid-log phase culture was inoculated in 1L LB broth containing 100µg/ml 

ampicillin and 12.5µg/ml chloramphenicol and incubated at 37°C with gentle 

shaking. Once the OD600 reached 0.6, 100µl of the cell suspension was collected in 

a sterile microcentrifuge tube and stored at -70°C. To the remaining culture, 1ml of 

1M IPTG was added and further incubated for 90 minutes at 37°C with gentle 

shaking. After incubation, OD600 was measured and 100µl of the cell suspension 

was transferred to a microcentrifuge tube, stored at -70°C. The remaining cell 

suspension was transferred to pre-chilled 250ml Sorvall tubes and centrifuged at 

7000rpm (SA-600) for 10 minutes at 4°C. Subsequently, the supernatant was 

discarded, and the pellet was re-suspended in 10ml of binding buffer (20mM 

Sodium phosphate, pH 7.8, 500mM NaCl and 5mM Imidazole). Re-suspended cells 

were flash frozen in liquid nitrogen and stored at -70°C until further use.  
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DnaA INDUCTION CHECK: 

Prior to isolation of DnaA, IPTG treated and untreated samples were run 

on a polyacrylamide gel to check for the presence of a 52000 D (DnaA) band. SDS-

Protein ladder and a previously isolated DnaA protein was used to identify induced 

DnaA band. 10% resolving gel and 4% stacking gel was made using protogel 

buffers (National Diagnostics) and the solidified gel was immersed in 1X Tris 

Glycine SDS buffer before use. Equal cell density of the induced and un-induced 

sample was mixed with 2µl 4X laemmili protein loading dye (62.5 mM Tris-HCl, 

pH 6.8, 10% glycerol, 1% SDS, and 0.005% Bromophenol Blue) and incubated at 

80°C for 5 minutes before loading the sample onto the gel. Loaded gel was run at 

30mAmps until the dye emerged out from the gel and then stained in coomassie 

blue stain for 15-20 minutes. Stained gel was soaked in a destaining solution (30% 

methanol and 10% acetic acid), and induced DnaA bands were observed. If DnaA 

induction worked successfully isolation was performed (discussed below). 

 

DnaA ISOLATION: 

Frozen cells were thawed on ice before incubating them with 200µl of 

10mg/ml of lysozyme for 15 minutes on ice. Cells were lysed by flash freezing in 

liquid nitrogen and thawing them on ice for three times. Then, the lysed cells were 

incubated with 20 units of DNase1 and 200µl of 1M MgCl2 for 15 minutes on ice. 

Incubated cell lysate was then transferred to a Nalgene ultraplus centrifuge tube and 
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pelleted at 100,000g for 30 minutes in a refrigerated Beckman/Coulter Optima LE-

80K ultracentrifuge at 4°C. All steps performed after this stage were done in a cold 

room maintaining 4°C. Next, the supernatant was mixed with 2.5ml of Pro-bond 

metal resin (Invitrogen; pre-washed in sterile nuclease free water and equilibrated 

in binding buffer) and mixed gently by rotation for 30 minutes before storing in ice 

for overnight. Next day, the incubation was continued for 30 minutes before 

spinning them down in a clinical centrifuge maintaining 4°C for 2 minutes. The 

supernatant was discarded, and the resin was washed with 3.75ml of wash buffer 

(20mM Sodium phosphate, pH 7.8, 500mM NaCl, 100mM imidazole) by gently 

rotating the tube for 10 minutes. The resin was spun down and 100µl of the 

supernatant was stored in a microcentrifuge tube before discarding the remaining 

supernatant. This step was repeated two more times before adding 10ml of Urea 

binding buffer (20mM Sodium phosphate, pH 7.8, 500mM NaCl, 5mM imidazole 

and 7M Urea) to the resin, followed by an incubation for 30 minutes with gentle 

rotation. Next, the resin was pelleted, and the supernatant was discarded. Next, 

3.75ml of HD-1 buffer (50mM PIPES-KOH, pH 6.8, 10mM Magnesium acetate, 

200mM ammonium sulfate, and 20% w/v sucrose) was mixed with the resin and 

mixed by rotation for 10 minutes, followed by a quick spin to settle the resin. The 

supernatant was discarded. HD-1 step was repeated for two more times before 

eluting the DnaA with 1.25ml of HD-2 buffer (50mM PIPES-KOH, pH 6.8, 10mM 

Magnesium acetate, 200mM ammonium sulfate, 20% w/v sucrose, and 0.5M 
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imidazole). HD-2 buffer -  resin mixture was mixed gently by rotation for 6 

minutes followed by a quick spin to settle the resin. Supernatant was transferred to 

a sterile microcentrifuge tube and stored in ice. This step was repeated one more 

time.  

At this step, 6µl of the eluted DnaA sample was run on a SDS-PAGE gel 

along with the collected sample at each step to check for the presence of DnaA 

band in the eluted sample. After this step, the remaining DnaA was dialyzed to 

remove imidazole and proteins lower than 52,000 D in molecular weight.  

 

PROTEIN DIALYSIS AND CONCENTRATION ESTIMATION: 

The eluted DnaA was dialyzed against HD-3 buffer (50mM PIPES-KOH, 

pH 6.8, 10mM Magnesium acetate, 200mM ammonium sulfate, 20% w/v sucrose, 

0.1M EDTA, and 2mM dithiothreitol) for 2 hours. SPECTRAPOR membrane 

tubing (standard cellulose dialysis tubing; mw cutoff: 12,000- 14,000) was used for 

the dialysis process. This process was repeated twice before pooling the 

supernatants into one tube and centrifuging at 100,000g for 15 minutes in a 

refrigerated Beckman/Coulter Optima LE-80K ultracentrifuge maintaining 4°C. 

Supernatant was collected in a sterile microcentrifuge tube and stored on ice in the 

cold room. 

Bradford assay was performed to estimate the crude concentration of the 

protein and 5 - 10 µl aliquots of DnaA were made and flash frozen in liquid 
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nitrogen. All the aliquots were stored at -70°C. DMS footprint was performed on 

pOC170 to estimate active concentration.  

 

J. in vitro DIMETHYL SULFATE (DMS) FOOTPRINTING: 

 

DMS TREATMENT: 

DMS footprinting was carried in a reaction mixture containing 40mM 

HEPES-KOH, pH 7.6, 5mM ATP, 8mM MgCl2, 0.32mg/ml BSA (NEB) and 30% 

glycerol. A 50µl reaction containing, 300fmols of supercoiled oriC (pOC170 or 

mutant oriC plasmid; 750ng) was pre-incubated with the master mix on ice before 

adding purified His10 DnaA. The reaction volume was made up using sterile 

nuclease free water. Prior to the addition of DnaA to the reaction mix, a few 

aliquots of DnaA stored at -70°C was taken out and thawed on ice. Variable 

concentrations of the DnaA protein (indicated in the figures) were quickly mixed 

with the reaction mixture containing supercoiled oriC and continued to incubate for 

3 minutes on ice. Next, all the tubes were moved to a 38°C water bath and 

incubated for 7 minutes. At this point, 20nM IHF (graciously gifted by Steve 

Goodman, Nationwide Children’s Hospital) was added to the incubating tubes and 

continued to incubate further for 7 more minutes at 38°C (only for figures 18 and 

20). After incubation, 6µl of 1.4% DMS (Sigma-Aldrich) was mixed into each tube 

and incubated for exactly 5 minutes. The reactions were stopped with 200µl of 
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chilled stop solution containing 3M ammonium acetate, 1M 2-mercaptoethanol, 

250µg/ml tRNA and 20mM EDTA. Next 600µl of chilled 95% ethanol was mixed 

into each tube and kept in -20°C for overnight. Next day, the DNA was precipitated 

at 4°C for 20 minutes at 14,000rpm. The supernatant was discarded, and the pellet 

was washed with 70% ethanol and spun down again for 5-6 minutes in a 

refrigerated microcentrifuge. The supernatant was discarded, and the remaining 

ethanol was air-dried for 20 minutes at room temperature. 

After 20 minutes, the pellet was resuspended in 100µl of 1% piperidine 

(Sigma-Aldrich) and incubated in a 90°C water bath for 30 minutes. While the 

samples were incubating, Biospin columns (BioRad) were prepared. For this 

process, Bio-Gel P6 (BioRad) was mixed in a buffer containing 0.15M NaCl, 

15mM Sodium Citrate, pH 7.0 and 0.02% Sodium Azide and transferred to the spin 

columns (1 – 1.2ml). The columns were spun down at 410 rcf in a 

Beckman/Coulter Allegra X-30R centrifuge (swinging bucket SX 4000 rotor) for 2 

minutes and the solution in the collection tubes were discarded. The columns were 

spun down again at 410rcf for 1 minute and placed in a sterile screwcap 

microcentrifuge tube. At the end of incubation, the samples were placed on ice for 

5 minutes and spun down quickly for a few seconds and then transferred to the 

prepared columns. The columns were spun down at 410 rcf for 4 minutes. Each 

sample, collected in a sterile screwcap microcentrifuge tube was stored at -20°C 

until further use 
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PRIMER LABELLING: 

Primers, SR4, RS4, OR13 and SI1 (see appendix table number 1 for 

sequences) were used for footprint analysis. T4 Polynucleotide Kinase (NEB) was 

used to transfer and exchange Pi from [γ-32P] ATP, to the oligos. A 25µl reaction 

mix contained 10pmols of the oligo, 5 units of T4 Polynucleotide kinase (PNK) and 

[γ-32P] ATP, 6000 µci/mmol (Perkin Elmer) in 1X PNK buffer. The reactions were 

incubated at 37°C for 1 hour before heat inactivating the enzyme at 70°C for 10 

minutes. After heat inactivation, the labelled primer was passed through Bio-Gel P6 

columns and collected in a screwcap microcentrifuge tubes. 1µl of the labelled 

primer was mixed with 5ml of scintillation liquid (National Diagnostics) and counts 

per minute was measured using Beckman Scintillation Counter. The remaining 

labelled primer was stored in a lead pig at -20°C. 

 

PRIMER EXTENSION: 

Prior to the procedure, piperidine treated samples, 100mM Sodium 

Hydroxide, 2mM dithiothereitol (made in nuclease free water), 10X NEB buffer 2 

(50 mM sodium chloride, 10 mM Tris-HCl, 10 mM magnesium chloride, 1 mM 

dithiothreitol, pH 7.9) and 5mM dNTPs were thawed on ice. Next, 35µl of the 

piperidine treated sample was transferred to a pre-chilled, sterile microcentrifuge 

tube and 4µl of 100mM Sodium hydroxide was mixed into each sample. Then, 1µl 

of the labelled primer was added to each sample followed by an incubation at 80°C 
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for 2 minutes. Next, the samples were chilled on ice for 5 minutes before adding 

5µl of 10X TMD buffer (0.5 M Tris-HCl, pH 7.2, 0.1 M magnesium sulfate, 2 mM 

dithiothreitol). TMD added samples were then incubated in a 53-56°C water bath 

for 3 minutes, followed by an incubation on ice for 5 minutes. While the samples 

were incubating on ice, 4µl of Klenow DNA polymerase of Klenow DNA fragment 

was mixed with 16µl of 1X NEB buffer tube. At the end of incubation, 5µl of 5mM 

dNTPs and 1µl of Klenow polymerase was added and incubated at 50°C for 

10minutes. After incubation, 17µl of the reaction quencher (4M Sodium acetate and 

20mM EDTA) was added to each sample. Next, 190µl of 95% ethanol was mixed 

into each sample and kept in the -20°C freezer for overnight.  

The same day, 6% denaturing polyacrylamide sequencing gel was 

prepared by mixing 66ml of UreaGel System Diluent and 24 ml of UreaGel 

concentrate (purchased from National Diagnostics), 10 ml of 10X TBE. The gel 

solution was de-gassed under vaccum prior to the addition of 800µl of 10% 

ammonium persulfate and 40µl of Tetramethyethylinediamine (TEMED). The gel 

was stored in 1X TBE buffer for overnight.  

Next day, the footprinting samples were spun at 14000rpm for 20 minutes 

at 4°C. After the centrifugation step, the supernatant was discarded, and the pellet 

was washed with 40µl of 70% cold ethanol and spun down  again for 20 minutes at 

14000rpm. The supernatant was discarded, and the remaining ethanol was air-dried 

for 20 minutes prior to the addition of 6µl footprint tracking dye (90% deionized 
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formamide, 20mM EDTA, 0.5% bromophenol blue, 0.5% xylene cyanol). The 

pellet was re-suspended by various methods: First, the tubes containing the samples 

were scrapped on a microcentrifuge tube rack thereby displacing the pellet. 2) next, 

the samples were vortexed briefly before incubating them at 42°C for 2 minutes. 

These steps were repeated at-least twice to ensure the pellet was dissolved 

completely. Next, the samples were placed in an 80°C water bath for 5 minutes 

before loading onto a sequencing gel.  

Simultaneously, the gel was pre-warmed at 55 watts for 1.5 hours prior 

the addition of samples. After addition of the samples, the gel was run at 50 watts 

until 20 minutes after the dye runs off. Electrophoresed gels were then dried and 

exposed on BioRad phosphor-imaging screen and then examined using a BioRad 

PhorphorImager and Quantity One Software.  
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RESULTS 

 

I. ROLE OF LOW AFFINITY DNAA-ATP SITES IN THE TIMING OF E. 

COLI ORIGIN ACTIVATION.  

 

1. OVERVIEW 

As described in the Introduction, DnaA-ATP is considered the active form of the 

initiator, based primarily on in vitro replication studies showing that DnaA-ATP, 

but not DnaA-ADP, was capable of unwinding origin DNA and triggering initiation 

(Sekimizu et al., 1987). DnaA-ADP is produced in bacterial cells by hydrolysis of 

DnaA-ATP, which, in E. coli, is stimulated after each new round of chromosome 

replication, see review (Katayama et al., 2017). E. coli cells do not degrade DnaA-

ADP, and so this form remains abundant and available for oriC interactions at any 

recognition sites which are able to bind it (e.g. high affinity R1, R2, and R4, and 

low affinity R5M and C1) (Kurokawa et al., 1999).There are six low affinity DnaA 

boxes (τ2, I1, I2, C3, C2, I3) in E. coli oriC that do not fall into this category, but 

rather preferentially bind to DnaA-ATP (Grimwade et al., 2007; McGarry et al., 

2004; Rozgaja et al., 2011). The role of these low affinity DnaA-ATP sites in origin 

activation and initiation timing is not clearly understood, although it is proposed 

that they help couple orisome assembly to cellular levels of DnaA-ATP. Previous 

studies demonstrated that a single base pair change in I2 and I3 sites allowed the 
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site to recognize both DnaA-ATP and -ADP equivalently (with low affinity), 

indicating that site sequence determines preference for DnaA-ATP. Although 

conversion of I2 and I3 into non-discriminatory sites did not affect oriC function, 

when both mutated sites were carried in oriC on a high copy number plasmid, host 

growth was perturbed unless the mutated plasmid origin could integrate into the 

chromosome, replacing the wild-type copy of oriC (Grimwade et al., 2007; 

McGarry et al., 2004). The proposed reason for the growth perturbation was that 

the I2 and I3 mutations caused the plasmid oriC to require less DnaA-ATP to 

assemble the orisome than wild type chromosomal oriC, and the plasmid initiated 

replication earlier in the cell cycle than the chromosome. Early initiation would set 

up a competition between the extrachromosomal and chromosomal origins. 

(Grimwade et al., 2007), a competition the plasmid will win. For the cell to survive, 

the plasmid origin must integrate into the chromosome. While the studies in 

Grimwade et al, 2007 supported the role for the low affinity sites in regulating 

initiation timing, other possible reasons for the competition, such as titration of 

DnaA by the high copy number plasmid, could not be excluded. It is also unclear if 

all the low affinity DnaA-ATP sites might play an equivalent role in initiation 

timing, i.e. each site requiring a fixed amount of time to become occupied as newly 

synthesized DnaA-ATP becomes available. The purpose of the following set of 

experiments was to more clearly understand the role of low affinity DnaA-ATP 

sites in regulating initiation timing. The data have been submitted for publication in 
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two manuscripts (Rao et al., in review at Frontiers in Microbiology, and Grimwade 

et al., in review at Nucleic Acids Research).  

 

2. ALL LOW AFFINITY DnaA-ATP SITES IN E. coli oriC CAN BE MUTATED 

TO BIND BOTH DnaA-ATP AND –ADP WITHOUT CHANGE IN AFFINITY  

 Each of the six preferential sites was mutated to a sequence similar or 

identical to R5M, C1, or the I2 and I3 non-discriminatory mutations. The sequences 

of the mutated sites are shown in Figure. 9A. To verify that the mutations altered 

preference for DnaA-ATP without increasing site affinity, dimethyl sulfate (DMS) 

footprinting was used to measure binding of DnaA-ATP and DnaA-ADP to the 

sites. For this experiment, two concentrations of DnaA were used: 40nM which is 

insufficient for full occupation of low affinity sites, and 100nM which is sufficient 

to completely fill all sites and stimulate unwinding  (Grimwade et al., 2007; 

McGarry et al., 2004; see Figure 9A). First, DnaA-ATP was pre-incubated with 

supercoiled oriC prior to the footprinting procedure (see methods). The pattern of 

DMS modification is revealed on sequencing gels (Methods). DnaA binding causes 

a distinctive and reproducible change in the DMS modification pattern. 

Specifically, a guanosine residue at the fourth position of the 9-mer sequence (5’ 

TGTGGATAA or one of its variants) becomes more sensitive to DMS, and the 

guanosine at the second position becomes less sensitive, causing darker and lighter 

band respectively. The band intensities at individual sites increase as the sites fill in 
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the population of oriC copies present in the reaction mix. The DMS footprints 

revealed that the high affinity sites in the wild type and mutant origins are fully 

occupied after incubation with either 40 nM or 100 nM DnaA-ATP, consistent with 

previous reports (Grimwade et al., 2007) (Fig. 9A). In contrast, low affinity sites in 

both wild type and mutant origins are not fully occupied at 40nM DnaA, but do 

become filled at the higher DnaA concentration (Figure 9A). These data indicate 

that none of the site alterations change the site’s affinity toward DnaA-ATP. Next, 

to determine if the mutations allowed the sites to bind DnaA-ADP, supercoiled 

templates were incubated with 100 nM DnaA-ADP, and analyzed by DMS 

footprinting. Consistent with previous reports, DnaA-ADP bound poorly to the 

wild type τ2, I1, I2, C3, C2, and I3 sites (Grimwade et al., 2007; McGarry et al., 

2004). However, binding of DnaA-ATP and –ADP was similar in at the mutated 

sites (Fig. 9A, right panel). These results are consistent with earlier studies on I2 

and I3, and confirm that the site recognition sequence determines site preference 

for DnaA-ATP. 
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Figure 9. Low affinity DnaA recognition sites in wild type E. coli oriC can be 
changed to allow DnaA-ADP binding. (A) DMS footprint comparison of DnaA-
ATP and DnaA_ADP binding to wild type oriC and mutated versions (see figure 
for change in nucleotide sequence) is shown. Briefly, purified DnaA-ATP or 
DnaA-ADP (see concentrations in the figure) was incubated with wild type or 
mutant origins prior to the treatment of dimethyl sulfate (DMS). DMS treated 
samples were then primer extended and the products were run on sequencing gels 
(see methods for detailed explanation). Binding sites and the diagnostic G positions 
are marked. Intervening lanes have been removed in the figure and the region 
between R1 and R5M, and C3 and R2 were also removed. Arrow heads indicate the 
diagnostic G positions and its enhancement (upward arrow) or suppression 
(downward arrow). (B) Schematic representation of the origin is shown. Blue and 
yellow squares represent a non-preferential and preferential site respectively. 
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3. CONVERSION OF A DnaA-ATP SITE INTO ONE THAT BINDS DnaA-ADP 

ALTERS INITIATION TIMING IN SLOW GROWING E. coli CELLS 

(excerpted from Rao et al.) 

 Previous studies in our lab have demonstrated that functional orisomes can 

be assembled on origins in which a one or two DnaA-ATP sites have been mutated 

to allow binding of DnaA-ADP (Grimwade et al., 2007; Rozgaja et al doctoral 

dissertation). In these functional orisomes, molecules of DnaA-ADP should be able 

to replace DnaA-ATP at the mutated sites, and thus site preference mutations 

should decrease the amount of DnaA-ATP required to activate the origin and shift 

the timing of initiation to earlier in the cell cycle. Since a previous study reported 

that mutations may affect chromosomal oriC differently than oriC’s harbored on a 

plasmid (Weigel et al., 2001), recombineering (homologous recombination-

mediated genetic engineering) was used to delete wild-type oriC on the 

chromosome (Court et al., 2002), and replace it at the native location with one of 

the mutant oriCs carrying an altered low affinity site. After verifying successful 

origin transplantation by sequence analysis, P1 phage was then used to transfer the 

mutated origin from the recombineering strain into MG1655 for analysis of cell 

cycle timing.  

The effect of the single site mutants on initiation timing was first measured in cells 

growing in minimal media supplemented with 0.4% succinate as carbon source 

(generation time 68-70 minutes). This growth rate allows us to examine the   
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simplest initiation scenario, in which only one oriC copy per cell must be activated, 

since the generation time of E. coli growing in this media (approximately 70 min) 

should be greater than the time needed to complete chromosome replication and 

divide (approximately 60 min), so exponentially growing cells will contain only 

one copy of oriC prior to the time of initiation (Cooper and Helmstetter, 1968). 

Additionally, at this growth rate, Fis protein should be absent from cells, since Fis 

is a growth-rate regulated protein (Mallik et al., 2006; Nilsson et al., 1992). 

Because Fis binding to the origin blocks low affinity site occupation (Ryan et al., 

2004; Miller dissertation, 2009) orisome assembly in cells growing in succinate 

media should happen in the absence of Fis inhibition.  

To evaluate initiation timing, cells carrying the mutated oriCs were grown 

to mid-exponential phase in minimal media supplemented with succinate 

(generation time of 69+/- 2 minutes). Then, cells were treated with rifampicin to 

inhibit new rounds of chromosome replication, and cephalexin, which prevents cell 

division, followed by incubation to allow completion of ongoing rounds of 

replication. After staining cellular DNA with a fluorescent dye, the number of 

chromosomes in the cell, which reflects the number of oriC copies present at the 

time of drug addition, was detected by flow cytometry. The origin number doubles 

at the time of initiation, and at all growth rates, only 2n origins should be in these 

cells. Accordingly, cultures of MG1655 cells contained 1 or 2 origins (Fig. 10A, 

also see Figure 11A) and initiated approximately 24 minutes after cell division 
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(Table 1). Although previous studies report that cells growing with acetate as the 

carbon source display rifampicin resistant initiations (Flåtten and Skarstad, 2013), 

we do not see evidence of this in cells growing in succinate media, since the 

percentage of cells that have not yet started chromosome replication (1 

chromosome peak) does not decrease after addition of rifampicin (Figure 10B). 

Interestingly, converting a single DnaA-ATP site into one that binds both of 

DnaA’s nucleotide forms changed initiation timing in all the mutant cells, resulting 

in an increased number of origins per cell, and an earlier initiation time in the cell 

cycle (Figure 11B-G, Table 1). The conversion of the τ2 site to τ2ADP caused a 

greater change in timing (Table 1), suggesting that filling this site might represent a 

rate-limiting step in slow growth orisome formation.  
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Figure 10. E. coli cells growing with succinate as the carbon source do not 
exhibit rifampicin-resistant initiations. MG1655 growing in minimal media 
supplemented with succinate after treatment with rifampicin and cephalexin (A), or 
before drug treatment (B), were fixed and processed for flow cytometry as 
described in Material and Methods. The DNA histograms show the number of 
chromosome equivalents, corresponding to the number of origins in the cells. 
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Table 1. Doubling times, number of origins, and cell mass of strains carrying 
mutated sites growing in minimal media supplemented with succinate 
 
 
Site 
mutated 

 
Doubling 
time (min) 

 
Number of 
origins/cell 

 
Relative 
cell massa 

 
Origins/cell 
mass 

 
Aib 

None 68 1.57 1.0 1.57 0.35 (24 min) 
τ2ADP 69 2.00 1.0 2.00 0.13 (9 min) 
I1ADP 69 1.81 1.0 1.81 0.18 (12 min) 
I2ADP 69 1.82 1.0 1.82 0.17 (12 min) 
C3ADP 68 1.81 1.0 1.81 0.18 (12 min) 
C2 ADP 68 1.84 1.0 1.84 0.18 (12 min) 
I3ADP 70 1.80 1.0 1.80 0.18 (12 min) 
      
τ2/I2ADP 68 2.70 1.0 2.70 0.05 (3 min) 
τ2/I3ADP 69 2.05 1.0 2.05 0.11 (8 min) 
I3/C3ADP 68 1.83 1.0 1.83 0.18 (12 min) 
I2/I3ADP 69 2.00 1.0 2.00 0.13 (9 min) 

a. Relative cell mass was measured by flow cytometry, using forward scattered 
light of mutant strain relative to the wild type strain 
 

b. Ai (age of initiation), as a fraction of the cell cycle generation time, was 
calculated using formula Ai = -ln(1-F/2)/ln2 where F is the fraction of cells in 
a population that have note initiated chromosome replication, measured by 
flow cytometric histograms of cells treated with rifampicin and cephalexin 
(Figure 10). The calculated Ai was multiplied by the generation time to give 
age of initiation in minutes 
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Figure 11. Change in ATP preference causes cells to initiate earlier in cell 
cycle at slow growth conditions in slowly growing cells. DNA histograms of (A) 
wild type MG1655 and (B - K) MG1655 mutant oriC cells growing in minimal 
media supplemented with succinate (see methods), treated with rifampicin and 
cephalexin, and analyzed by flow cytometry. The number of origins in cells at the 
time of drug treatment is shown. oriC mutations are indicated in the figure. 
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The change in initiation time caused by converting one DnaA-ATP site to 

the non-discriminatory form raised the possibility that changing more than one site 

might have an additive effect. To evaluate this, we examined the effect of mutation 

pairs during slow growth. Mutation pairs chosen for study were located either in 

oriC’s right half (I3/C3), left half (τ2/I2) or each half (τ2/I3; I2/I3), because there is 

evidence that the left and right sub-assemblies play different roles in initiation 

(Ozaki et al., 2012), and we wished to examine if the two sub-assemblies made 

equivalent contributions to setting the time of initiation. Accordingly, cells carrying 

the double mutations were grown in minimal media supplemented with succinate, 

treated with rifampicin and cephalexin, and the number of chromosome 

equivalents, corresponding the number of origins at the time of drug treatment, was 

determined by flow cytometry (Figure 11H-K). The effect of mutating two sites in 

the right sub-assembly (I3ADP and C3ADP), did not change timing appreciably to that 

obtained for cells containing these mutations individually (Figure 11, Table 1). In 

contrast, placing two mutations (τ2ADP and I2ADP) in the left sub-assembly shifted 

the time of initiation much more than either of the single mutations (Figure 11, 

Table 1). Initiation timing in cells harboring a mutated site in both left and right 

assemblies appeared to be determined largely by the left half mutation, with the 

τ2ADP/ I3ADP mutant cells initiating slightly earlier that the I2ADP/I3ADP cells (Figure 

11, Table1), consistent with the idea that τ2 plays a greater timing role than I2. 
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These results remain consistent with models suggesting that the right and left sub-

assemblies are not equivalent (Ozaki et al., 2012). 

 

4. COMBINATIONS OF LOW AFFINITY SITE MUTANTS, BUT NOT 

INDIVIDUAL SITE MUTATIONS, PLAY A ROLE IN REGULATING 

INITIATION TIMING IN RAPIDLY GROWING CELLS. (excerpted from Rao 

et al.) 

Although the studies described above show that loss of preference mutations shift 

initiations to earlier cell cycle times in slow growing cells, Riber et al. previously 

reported that the same mutations in I2 or I3 had no effect on initiation timing (Riber 

et al., 2009), suggesting that the timing role of individual DnaA-ATP sites might be 

dependent on growth rate. To examine this possibility, we examined initiation 

timing of the six single DnaA-ATP site mutations in cells growing in minimal 

media supplemented with glucose and casamino acids, with doubling times of 

approximately 33 minutes. Exponentially growing cells were treated with 

rifampicin and cephalexin, and DNA content was measured by flow cytometry after 

incubation to allow completion of ongoing rounds of DNA replication. Under these 

growth conditions, the E. coli generation time is less than the time needed to 

complete chromosome replication, and exponentially growing cells normally 

contain more than one copy of oriC, and all origin copies initiate chromosome 

replication synchronously, once per cell cycle, on partially duplicated 
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chromosomes. The origins are also bound to Fis throughout most of the cell cycle, 

with Fis being displaced by DnaA shortly before initiation (Cassler et al., 1995; 

Ryan et al., 2004). We observed that cultures of MG1655 cells contained 2, 4 or 8 

origins (Figure 12A), and initiated approximately 3 minutes after division. When 

cells containing the single site mutations were examined, we found that initiation 

timing was identical to that observed in cells with wild type oriC (Figure 12B-G, 

Table 2), in contrast to the shift in timing seen at the slower growth rate. These 

results confirm previous reports (Riber et al., 2009) and suggest that another factor 

may contribute to initiation timing regulation in rapidly growing cells.  

 We also used flow cytometry to examine DNA content in cells containing 

mutations at two sites, to determine if this might alter timing (Figure 12H-K). As 

was done in the studies of slow growing cells, the double mutants were selected to 

allow examination of left and right sub-assemblies (e.g. τ2/I2, I3/C3, τ2/I3, and 

I2/I3). Interestingly, changing both τ2 and I2 in the left half of oriC was sufficient 

to perturb initiation (Figure 11H), but the alteration in timing was more complex 

than the simple shift to earlier times seen in slower growing cells. While most of 

the cells in the population had 4 origins, odd numbers of origins were also detected, 

indicating that initiations in these cells were no longer synchronous (Figure 12H). 

The number of origins per cell was also slightly increased (Table 2). A similar 

pattern of asynchronous initiations was seen when τ2 was mutated in the left sub-

assembly and I3 was mutated in the right sub-assembly (Figure 12I, Table 2). 
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However, origins carrying both the I2ADP (left) and I3ADP (right) mutations showed 

essentially normal initiation timing (Figure 12K), as was previously reported (Riber 

et al., 2009). These results are consistent with the idea that τ2 plays a greater role in 

initiation timing than the other sites. Unlike the slight over-initiation seen in cells 

with origins carrying τ2ADP/I2ADP and τ2ADP/I3ADP mutations, cells with 

oriCI3ADP/C3ADP contained fewer origin copies per cell, with a larger percentage of 

cells containing 2 or 3 origins, and a lower number of cells containing 8 origins 

(Figure 12K, Table 2). These results reveal a clear difference in the response to 

changes in the left and right sub-assemblies. One possible cause of this difference 

is the role of the right sub-assembly in displacing Fis (Ryan et al., 2004). While 

further studies are needed to verify this idea, it is intriguing to note that the pattern 

of initiation in cells lacking Fis is similar to the I3ADP/C3ADP mutant (Figure 12L).  
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Table 2. Doubling times, number of origins, and cell mass of strains carrying 
mutated sites growing in minimal media supplemented with glucose and casamino 
acids 
 
 
Site 
mutated 

 
Doubling 
time (min) 

 
Number of 
origins/cell 

 
Relative 
cell massa 

 
Origins/cell 
mass 

 
Aib 

None 33 4.20 1.0 4.20 0.1 (3 min) 
τ2ADP 33 4.23 1.0 4.23 0.1 (3 min) 
I1ADP 34 4.21 1.0 4.21 0.1 (3 min) 
I2ADP 33 4.20 1.0 4.20 0.1 (3 min) 
C3ADP 34 4.19 1.0 4.19 0.1 (3 min) 
C2 ADP 32 4.20 1.0 4.20 0.1 (3 min) 
I3ADP 33 4.20 1.0 4.20 0.1 (3 min) 
      
τ2/I2ADP 34 4.68 1.0 4.68 --- 
τ2/I3ADP 34 4.55 1.0 4.55 --- 
I3/C3ADP 33 3.40 1.0 3.40 --- 
I2/I3ADP 33 4.20 1.0 4.20 0.1 (3 min) 

c. Relative cell mass was measured by flow cytometry, using forward scattered 
light of mutant strain relative to the wild type strain 
 

d. Ai (age of initiation), as a fraction of the cell cycle generation time, was 
calculated using formula Ai = -ln(1-F/2)/ln2 where F is the fraction of cells in 
a population that have note initiated chromosome replication, measured by 
flow cytometric histograms of cells treated with rifampicin and cephalexin 
(Figure 11). The calculated Ai was multiplied by the generation time to give 
age of initiation in minutes 
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Figure 12. Combination of DnaA binding sites but, not single that are capable 
of binding DnaA-ADP, affects initiation timing frequency at rapid growth 
rates. DNA histograms of (A) wild type MG1655 and (B - K) MG1655 mutant 
oriC cells growing in minimal media supplemented with casamino acids and 
glucose (see methods), treated with rifampicin and cephalexin, and analyzed by 
flow cytometry. The number of origins in cells at the time of drug treatment is 
shown. oriC mutations are indicated in the figure. 
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5. ORIGINS LACKING DnaA-ATP SITES INITIATE MORE THAN ONCE PER 

CELL CYCLE 

 The results described above indicate that the low affinity DnaA-ATP sites 

play a role in setting initiation timing, particularly when more than one site is 

mutated. If this is the case, then it seemed possible that an origin lacking any 

DnaA-ATP sites might have a more severe over-initiation phenotype, since it 

possibly would not require any DnaA-ATP for initiation; rather any DnaA form 

that is available for site occupation should activate this origin. To investigate this 

idea, all the DnaA-ATP sites in a single oriC were changed to the sequences listed 

above and in Figure 9. This mutant origin is termed oriCallADP. Recombineering 

was used to replace wild type chromosomal oriC with oriCallADP. The mutant origin 

was then transduced, using P1 phage, to MG1655 for initiation timing analysis by 

flow cytometry.  

Wild type MG1655 and MG1655 (oriCallADP), growing exponentially in 

minimal media supplemented with casamino acids were treated with rifampicin and 

cephalexin to prevent new rounds of initiation and cell division, and incubated to 

allow ongoing rounds of replication to be completed. Under these conditions, the 

wild type MG1655 cells in the population that had not yet initiated chromosome 

replication contained two origin copies (after runout 2 chromosomes) while the 

cells in the population that had initiated contained 4 origin copes (4 post-run out 

chromosomes) (Figure 13A). In contrast, initiation timing in MG1655(oriCallADP) 
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was perturbed, since cells containing odd numbers of origins were detected (Figure 

13B). The pattern indicates over-replication, where a single origin initiated more 

than once per cell cycle, since the number of origins per cell is higher than 

observed in wild-type cells (Figure 13); over-initiation is consistent with origin 

activation being less tightly coupled to DnaA-ATP levels. Additionally, the 

reduced number of cells in the 2 chromosome (pre-initiation) peak suggest that 

MG1655 (oriCallADP) may initiate chromosomal replication earlier in the cell cycle. 

Combined, the data suggest that the low affinity DnaA-ATP sites help couple the 

timing of initiation in the cell cycle to cellular DnaA-ATP levels.  
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Figure 13. oriCall ADP initiate more than once per cycle in vivo. DNA histograms 
of (A) wild type MG1655 and (B) MG1655 oriCall ADP cells growing in minimal 
media supplemented with casamino acids and glucose (see methods), treated with 
rifampicin and cephalexin, and analyzed by flow cytometry. The number of origins 
in cells and relative cell mass* at the time of drug treatment is shown. (C) 
Schematic representation of the origin is shown. Blue and yellow squares represent 
a non-preferential and preferential site respectively. 
* Relative cell mass was measured by scattered light of mutant strain compared 
with the wild type strain.  
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6. DnaA MUTANTS DEFECTIVE IN ATP BINDING CAN ACTIVATE 

oriCAllADP IN VIVO (excerpted from Grimwade et al.)  

The perturbed initiation timing of MG1655(oriCallADP) not only suggest that 

the binding site mutations decrease the initiation requirement for DnaA-ATP in 

vivo, but also raise the possibility that DnaA-ATP might not be required for any 

stage of initiation in cells lacking DnaA-ATP sites. Since it is not possible to 

generate cells containing only DnaA-ADP, we chose to examine this idea by 

examining oriCallADP activity in cells carrying the dnaA46(ts) allele, which has two 

amino acid substitutions (A184Vand H252Y) in the AAA+ domain. The A184V 

mutation disrupts nucleotide binding and is responsible for the temperature 

sensitive growth (permissive at 25oC, and non-permissive at 42oC) (Carr and 

Kaguni, 1996). The H252Y mutation reduces AAA+/AAA+ interactions and ATP-

dependent filament assembly, as well as affinity for single stranded DNA 

(Duderstadt et al., 2010). If oriCallADP does have a decreased requirement for DnaA-

ATP in origin activation, then as the sole chromosomal replication origin, oriCallADP 

should suppress the dnaA46 mutation and allow growth at non-permissive 

temperature. To test this, dnaA46 was transferred into MG1655 and 

MG1655(oriCallADP) by transduction using P1 phage. Individual colonies were 

selected after growth in selective media at 25oC. Then, MG1655(dnaA46) and 

MG1655(oriCallADP, dnaA46) cells were plated and tested for growth at 42oC. As 

expected, no MG1655(dnaA46) colonies appeared at non-permissive temperature 
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(Fig. 14A-B). In contrast, oriCallADP was able to suppress the dnaA46 mutation and 

form colonies at 42oC (Fig. 14A-B). Only partial suppression was observed; at non-

permissive temperature, oriCallADP(dnaA46) cells have half the colony forming unit 

activity as oriCallADP (wild-type dnaA) (Fig. 14B), possibly because DnaA46 has 

lower activity and stability even at permissive temperature (Boye et al., 1988). 

These data indicate that even DnaA that is defective in nucleotide binding and has 

reduced oligomerization capacity can activate oriCallADP and trigger chromosome 

replication. 
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Figure14. DnaA-ATP is only used in origin recognition step during E. coli 
orisome assembly. (A) MG1655, MG1655 (oriCallADP), MG1655 (dnaA46 ts), or 
MG1655 (oriCallADP, dnaA46 ts) were tested for growth at 42°C. (B) Cells from a 
single colony of MG1655 (dnaA46 ts) or MG1655 (oriCallADP, dnaA46 ts) were 
diluted, plated, and incubated at either 25°C or 42°C. Colonies were counted after 
24 hours or 18 hours respectively.  
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II. HOW MANY LOW AFFINITY SITES ARE REQUIRED FOR E. coli oriC 

FUNCTION? 

 

1. OVERVIEW 

There are numerous studies in the literature that suggest that, although 

filling of low affinity sites in oriC is essential for origin unwinding and subsequent 

steps in initiation, not every site is required, at least for chromosomal oriC. 

Mutations that knock out DnaA binding to R5M, τ2, and I1 are tolerated without 

loss of viability, although initiation timing is perturbed (Sakiyama et al., 2017; 

Weigel et al., 2001). Additionally, deletion of the entire right half of oriC (up to, 

and including R2) are only conditionally lethal, being viable under slow growth, 

but not fast growth conditions (Stepankiw et al., 2009). Increasing the amount of 

deleted material, to include I2, was not tolerated (Stepankiw et al., 2009). This 

deletion study is not entirely consistent with recent biochemical studies from the 

Katayama lab, which  suggest that DnaA binding to only R1 and R5M, and perhaps 

τ2,  is sufficient for DnaA-dependent origin unwinding (Ozaki and Katayama, 

2012; Sakiyama et al., 2017), but it remains possible that the I1 and I2 sites in the 

left half of oriC are required for some initiation stage other than unwinding. It is 

also worth noting that in the deletions studies described above, the material that 

was removed started from R4 and proceeded into oriC. It is not known what the 

effect of mutating or deleting material from the left would be. It is also possible 
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that removing bases will have a different effect than simply knocking out binding 

sites, since some regulation of initiation is provided by interaction of the high 

affinity sites (R1, R2, and R4) in the bORC (Kaur et al., 2014). The purpose of the 

following sets of experiments is to clarify which low affinity sites, or sets of sites, 

are essential for origin activation. The data are included in a manuscript in 

preparation.  

 

2. DnaA BINDING TO LOW AFFINITY SITES IN oriC’s RIGHT HALF IS NOT 

ESSENTIAL FOR ORIGIN FUNCTION, BUT IS REQUIRED FOR 

PROPERLY TIMED INITIATIONS 

Because previous studies have indicated that the sites in the right half of 

oriC play less of a role in origin activation than those in the left, we first examined 

whether any low affinity sites between R2 and R4 are required for chromosomal 

oriC function. Site directed mutagenesis was used to convert C3, C2, I3, and C1 

into a sequence (see appendix table number 4 for sequence) that had been 

previously shown to not bind DnaA (Weigel et al., 1997) on an oriC plasmid, and 

the mutations were transferred to the native chromosomal oriC location by 

recombineering, and the transplantation verified by sequencing the origin region. 

Then, the mutated chromosomal oriC (termed oriCC1C2C3I3scr) was tested for origin 

function by determining if it could be moved into MG1655(oriC::zia::pKN500, 

asnA::cat, asnB::tet) using P1 transduction. Transductants were selected on 
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minimal media agar supplemented with glucose and containing 12.5 µg/ml 

tetracycline. Colonies containing the mutated transduced origin could grow in the 

absence of asparagine, and were sensitive to kanamycin and chloramphenicol while 

remaining resistant to tetracycline. Transduction of the mutated origin was further 

verified by sequencing of the origin region. Successful transduction indicates that 

oriCC1C2C3I3scr is capable of initiating new rounds of DNA replication, since the 

mutated origin is the only copy of oriC in the cells. We further tested the 

functionality of oriCC1C2C3I3scr in MG1655 by examining the mutated cells growth 

rate in LB and in minimal media supplemented with glucose and casamino acids. 

Surprisingly, we found that the doubling time (τ) of MG1655(oriCC1C2C3I3scr) was 

the same as wt MG1655 in both media (LB τ = 22 +/- 2 minutes, Glu min casa τ 

=32+/- 2 minutes). These data suggest that, unlike the deletion study of Stepankiw 

et al (2009), knocking out binding to just the low affinity sites between R2 and R4 

does not affect cell growth. This result raises the possibility that the conditional 

lethality of the R4-R2 deletion could be due to loss of R4 combined with a change 

in origin length. The reason why this would be detrimental will required further 

study, but on possibility is the need for a properly positioned R4 to form the 

constrained bORC (Kaur et al., 2014).  

Previous flow cytometric studies demonstrated that MG1655 replicating 

from an oriC carrying a non-binding R4 site under-initiate (Kaur et al., 2014). 

Because loss of binding to R4 decreased the cooperative binding of DnaA to the 
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right array of low affinity sites (Kaur et al., 2014), it seemed possible that cell cycle 

analysis of oriCC1C2C3I3scr would show a similar under-initiation pattern. To test this 

hypothesis, exponentially growing wild type MG1655 or MG1655(oriCC1C2C3I3scr) 

in minimal media supplemented with glucose and casamino acids was treated with 

rifampicin and cephalexin and the incubated to allow completion of ongoing rounds 

of chromosome replication. Wild type MG1655 cells contained 2 or 4 

chromosomes, corresponding to 2 or 4 origins at the time of drug addition (Figure 

15A). The average origin per cell was 3.71). Initiation timing in the 

MG1655(oriCC1C2C3I3scr) cells was perturbed, since odd numbers of chromosome 

were detected (Figure 15B). The average number of origins per cell was also 

decreased relative to the wild type cells (3.36), indicating that the cells under-

initiated. It is interesting to note that the DNA content histogram pattern of 

MG1655(oriCC1C2C3I3scr) looks similar, to that generated from MG1655(oriCR4scr) 

(Figure 15C), although under-initiation in the oriCR4src cells is more severe 

(average origin per cell is decreased, and cell size was bigger). These results 

suggest that the low affinity sites between R2 and R4 in oriC right array are not 

essential for origin activation, but binding to them does improve origin efficiency. 

Further studies will be required to determine which stages of orisome assembly 

might be facilitated by filling of the right array of sites.  
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Figure 15. DnaA binding to sites between R4 and R4 are not essential for 
origin function. DNA histograms of (A) wild type MG1655, (B) MG1655 
oriCC1I3C2C3, (C) MG1655 oriCR4 scr cells growing in minimal media supplemented 
with casamino acids and glucose (see methods) and treated with rifampicin and 
cephalexin, then analyzed by flow cytometry. The number of origins in cells and 
relative cell mass* at the time of drug treatment is shown. Schematic representation 
of the origin is shown, white squares represent no bind sites. 
 
* Relative cell mass was measured by scattered light of mutant strain compared 
with the wild type strain.  
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3. BINDING TO MORE THAN ONE LOW AFFINITY SITE BETWEEN R1 

AND R2 IS ESSENTIAL FOR oriC FUNCTION 

 Several studies (Kaur et al., 2014; Ozaki and Katayama, 2012; Sakiyama et 

al., 2017) suggest that only a subset of sites in the left region of oriC are required 

for unwinding and origin activation, but a comprehensive study determining the 

number and location of essential sites is lacking. To address this issue and to get a 

better understanding of origin activation requirements in E. coli, we first used site 

directed mutagenesis to convert all of the low affinity sites between R1 and R2 to 

sequences shown previously to not bind DnaA (see appendix table number 4 for 

sequence) (Weigel et al., 1997). The resulting origins is termed oriCMτ2I1I2scr. 

Homologous recombination was used to transplant oriCMτ2I1I2scr into the native 

chromosomal oriC locus. The transplantation was verified by sequencing the origin 

region, and functionality of oriCMt2I1I2scr was tested by attempting to move it into 

MG1655(oriC::zia::pKN500, asnA::cat, asnB::tet) by transduction with P1 phage, 

as described above for oriCC1C2C3I3scr. However, in multiple attempts, no colonies 

forms after plating the transduced cells on selective media. Based on these results, 

we hypothesized that was non-functional oriCMτ2I1I2scr. In order to confirm this, the 

function of oriCMτ2I1I2scr. was also tested in the recombineered strain. This strain, in 

addition to the transplanted origin, carries a deletion in the chromosomal dnaA 

gene, and must initiate replication from an integrated plasmid R1replication origin 

(Figure 8). Cells containing either wild-type oriC or oriCMτ2I1I2scr at the native 
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position were transformed with plasmids expressing DnaA alone, or copA and 

wild-type dnaA. (Figure16). CopA is an antisense RNA that prevents activation of 

the integrated R1 plasmid origin (Koppes and Nordström, 1986), and is lethal to the 

cells unless the chromosomal oriC or oriCMτ2I1I2scr can be activated by co-expressed 

DnaA. After 16- 18 hours of incubation, the transformed colonies were counted, 

and the transformation efficiency per µg DNA was determined (Figure 16). Further, 

as expected both strains could be transformed with the plasmid expressing DnaA 

alone, verifying that the cells had been made competent for transformation. 

However, only the recombineered strain carrying wild type oriC was successfully 

transformed with the plasmid co-expressing wild-type DnaA and copA (Figure. 

16A, top panel and Figure 16B); this plasmid produced no colonies in cells 

initiating from oriCMt2I1I2scr, (Figure 16A, bottom panel and Figure 16B). These 

data are consistent with the hypothesis that at least some of the low affinity sites 

between R1 and R2 are required for origin function, even when the origin contains 

all of the weak sites between R2 and R4. 

 Because previous reports suggest that individual low affinity sites between 

R1 and R2 could be mutated to be non-binding without eliminating origin function 

on the chromosome, it is clear that all four weak sites in the left region of oriC are 

not required for origin function in vivo (Riber et al., 2009; Sakiyama et al., 2017; 

Weigel et al., 2001). However, it is not known how many DnaA boxes in this 

region are required. Ozaki et al (2012) suggested that three DnaA boxes (R1, R5M, 
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and τ2) were required for origin unwinding, and Sakiyama et al (2017), using 

slightly different salt conditions, modified this result, stating that only R1 and R5M  

 
Figure 16. Left half of E. coli oriC is required for origin function. DnaA null 
cells carrying a plasmid R1 origin and a copy of wild type oriC or mutant oriC, 
were transformed with plasmid expressing either dnaA or co-expressing dnaA and 
copA, plasmid R1 inhibitor. Colonies transformed with the plasmids in (A) wild 
type oriC (top panel) and oriCleft array no bind (bottom panel) is shown. (B) Relative 
transformation efficiencies of colonies obtained from copA + dnaA transformed 
cells and origin activity is shown in the table (top panel). Transformation 
efficiencies were calculated after 18 hours of growth. Bottom panel shows 
schematic representation of the origin. White squares represent scrambled sites.  
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were required to unwind oriC. Since origin unwinding is a critical step in origin 

activation, it seemed possible that the minimum number of DnaA binding required 

for origin firing in vivo is the same as the minimum number needed for unwinding. 

To test this idea, non-binding mutations were made in τ2, I1, and I2 (sequences 

shown in appendix table number 4) to make oriCτ2I1I2scr, which was transplanted 

into the chromosomal oriC location by recombineering. The ability of oriCτ2I1I2scr to 

initiate chromosome replication was tested by both determining of the origin could 

be transduced into MG1655(oriC::zia::pKN500, asnA::cat, asnB::tet), and by 

determining if it functioned in the recombineered strain, as described above.  

Neither assay provided any evidence that oriCτ2I1I2scr was capable of functioning as 

the sole chromosomal replication origin in vivo (see Figure 17A, and 17B). 

Although these data are not consistent with the results of Sakiyama et al., it is 

possible that the remaining low affinity sites between R1 and R2 are required for 

initiation steps that occur after origin unwinding, or that the biochemical assays 

used to measure unwinding do not accurately predict orisome assembly on the 

chromosome in vivo.  
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Figure 17. DnaA binding to more than site in the region between R1 and R2 is 
required for origin function. DnaA null cells carrying a plasmid R1 origins and a 
copy of wild type oriC or mutant oriC, were transformed with plasmid expressing 
either dnaA or co-expressing dnaA and copA, plasmid R1 inhibitor. Colonies 
transformed with the plasmids in (A) wild type oriC (top panel), and oriCτ2 I1 I2 no 

bind (bottom panel) is shown. (B) Relative transformation efficiencies of colonies 
obtained from copA + dnaA transformed cells and origin activity is shown in the 
table (top panel). Transformation efficiencies were calculated after 18 hours of 
growth. Bottom panel shows schematic representation of the origins. White squares 
represent scrambled sites.  
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4. ANY COMBINATION OF TWO LOW AFFINITY SITES IN THE LEFT 

ARRAY IS SUFFICIENT FOR ORIGIN ACTIVATION 

To determine which sites between R1, and R2, in additional to R5M, are 

required for origin function, four more mutant origins, unable to bind DnaA bind at 

two of the sites in this region, were constructed and recombineered into the 

chromosome, replacing the wild type chromosomal oriC. The origins were termed 

oriCI1I2scr(had functional R5M and τ2), oriCR5Mτ2scr (had functional I1 and I2), 

oriCτ2I1scr (with functional R5M and I2), and oriCR5MI2scr (with functional τ2 and I1). 

All of the mutant origins retained ability to initiate chromosome replication, since 

they could be transduced into MG1655(oriC::zia::pKN500, asnA::cat, asnB::tet). 

To examine initiation timing in these cells, flow cytometric analysis was done on 

cells growing in minimal medial supplemented with glucose and casamino acids, 

after treatment with rifampicin and cephalexin, as described above (Figure 18) 

Consistent with previous results, wild type MG1655 cells had mostly two or four, 

origins at the time of drug treatment (Figure 18A), with a few cells containing eight 

origins. In contrast to wild type MG1655, all of the origins with two mutations had 

odd numbers of origins, indicating perturbed initiation timing. The pattern is also 

consistent with the mutations causing the cells to under-initiate, since the average 

number of origins in the mutated cells was approximately 25% lower than the 

average number of origins in wild type oriC cells. These results indicate that each 

low affinity site between R1, and R2 plays a role in origin activation, and 
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occupation of all four sites is optimal. It is not yet not known what specific function 

is accomplished by DnaA binding to these sites, but three possibilities that are not 

mutually exclusive, can be predicted based on existing models: 1) the binding 

bends or twists DNA, creating torsional stress that results in origin unwinding; 2) 

the bound DnaAs’ domain III regions actively engage the DNA in the DUE, and 

destabilizes the helix; and 3) the bound DnaA recruits additional DnaA-ATP using 

domain I, and then donates it in trans, so that the donated DnaA can form an 

oligomeric helical filament that binds to ssDNA in the DUE to stabilize the 

unwound region. More studies pertinent to these possibilities are presented in the 

next two sections.  
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Figure 18. DnaA binding to any two sites in the gap region between R1 and R2 
is sufficient to support origin function. DNA histograms of (A)wild type 
MG1655 and (B) MG1655 oriCI1I2scr (C) MG1655 oriCR5Mτ2scr, (E) oriCτ2I1scr, and 
(F) oriCR5MI2scr cells growing in minimal media supplemented with casamino acids 
and glucose (see methods) and treated with rifampicin and cephalexin, then 
analyzed by flow cytometry. The number of origins in cells and relative cell mass* 
at the time of drug treatment is shown. (E) oriCτ2I1scr, and (F) oriCR5MI2scr were 
performed as separate experiments. Appropriate control for this experiment is 
shown in (D). Schematic representation of the origin is shown, white squares 
represent scramble sites. 
 
* Relative cell mass was measured by scattered light of mutant strain compared 
with the wild type strain. 
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III. THE ROLE OF THE DNA BEND BETWEEN R1 AND R5M 

 

1. OVERVIEW   

Previous work done in our laboratory demonstrated that the 48 bp sequence 

between R1 and R5M, binds IHF shortly before initiation (Cassler et al., 1995). 

IHF places a sharp bend in this DNA region, and facilitates cooperative DnaA 

binding between R1 and R5M, to nucleate site filling in the region of oriC 

(Grimwade et al., 2000; Rozgaja et al., 2011). However, deletion studies done by 

Vora (Vora, M., dissertation, 2013) show that if this region is removed, placing R1 

2 bp from R5M, the low affinity sites in the mutant origin (oriCno bend) not required 

for occupation of the left array of low affinity sites or for origin unwinding in vitro, 

and both left site occupation and origin unwinding required a lower DnaA 

concentration than wild type oriC, (Vora, M., dissertation, 2013). These data raised 

the possibility that if placed on the chromosome, oriCno bend might need to 

accumulate less DnaA-ATP for initiation, and thus, might initiate earlier in the cell 

cycle. The effect of deleting this region of oriC is investigated in the following set 

of studies, which will be included in a manuscript in preparation.  
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2. DNA BEND REGION BETWEEN R1 AND R5M IS ESSENTIAL FOR 

CHROMOSOMAL ORIGIN FUNCTION 

To test the hypothesis that oriCnobend would initiate chromosome replication 

earlier in the cell cycle, recombineering was used to transplant oriCno bend into the 

native oriC location on the chromosome. To test function, we attempted to move 

oriCno bend into MG1655 by P1 transduction. Surprisingly, no colonies appeared 

after 3 separate efforts, suggesting that the bend between R1 and R5M in the left 

half of E. coli oriC is essential for origin function. To confirm this result, we tested 

the ability of oriCno bend to initiate chromosome replication in the recombineered 

strain, as was described above to test the function of origins with non-binding 

mutations. Cells containing either wild type oriC or oriCno bend were transformed 

with a plasmid co-expressing copA and exogenous dnaA, or dnaA alone, and plated 

on selective media. Only the strain carrying wild type oriC could be transformed 

with the copA-dnaA plasmid (Figure 19). These data are consistent with the result 

of the transduction experiment, and confirm that the DNA bend between R1 and 

R5M in the left half of oriC is essential for E coli origin function at an initiation 

stage after origin unwinding.  
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Figure 19. DNA bend region between R1 and R5M in the left half of oriC is 
required for origin function. DnaA null cells carrying a plasmid R1 origins and a 
copy of wild type oriC or oriCno bend, were transformed with plasmid expressing 
either dnaA or co-expressing dnaA and copA, plasmid R1 inhibitor. Colonies 
transformed with the plasmids in (A) wild type oriC (top panel) and oriCno bend 
(bottom panel) is shown. (B) Relative transformation efficiencies of colonies 
obtained from copA + dnaA transformed cells and origin activity is shown in the 
table and bottom panel shows origin configurations. Transformation efficiencies 
were calculated after 18 hours of growth. Relative transformation efficiency shown 
is an average of two separate experiments were performed. 
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3. IF DnaA BOUND TO R1 CAN DONATE DnaA TO THE DUE REGION, 

FUNCTION IS RESTORED TO oriCno bend 

Multiple laboratories report that after unwinding, DnaA binds to, and stabilizes, the 

unwound region (Ozaki and Katayama, 2012; Sekimizu et al., 1988; Speck and 

Messer, 2001), so it is possible that this is the step that is prevented in orisomes 

assembling on oriCno bend. There are no high affinity sites in the DUE of E coli oriC, 

and DnaA can’t bind low affinity sites independently of cooperative binding from a 

donor site (Schaper and Messer, 1995). Models proposed by Leonard and 

Grimwade (Leonard and Grimwade, 2015, 2011, 2010b) and by the Katayama 

group (Ozaki and Katayama, 2012; Sakiyama et al., 2017) suggest that for E. coli, 

the IHF-stabilized bend places the unwound DUE in proximity of the DnaA bound 

to the left array of low affinity sites, when either the bound DnaA can engage the 

ssDNA directly (Sakiyama et al., 2017) or can donate DnaA to the ssDNA 

(Leonard and Grimwade, 2015). The lack of function observed with oriCno bend is 

consistent with both of these models. It is unlikely that this lateral donation could 

occur in E. coli oriC, since Rozgaja et al. (2011) suggest that DnaA donation is 

limited by distance, and the spacing between R1 and the DUE may be prohibitive 

(Rozgaja et al., 2011). If this is the case, then it might be possible to restore 

function to oriCno bend by placing a low affinity DnaA binding site between R1 and 

the left 13-mer in the DUE. The inserted sites should act as a “bridge”, allowing 

lateral extension of DnaA into the DUE from R1. To test this scenario, the gap 
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region in oriCno bend between R1 and the DUE (sequence 5’- 

GATCGCACTGCCC) was converted to 5’-GATGTGAATGACC, which has an 

embedded R5M (altered bases are in bold type). This origin is termed oriCrescue. An 

equivalent insertion was done on wild type oriC (making oriCrescue control). DnaA 

binding to the inserted R5M site was confirmed using DMS footprinting (Figure 

20). To determine if the inserted R5M site could restore function to oriCno bend, 

recombineering was used to transplant oriCrescue and oriCrescue control to the 

chromosome, replacing the chromosomal copy of oriC. Then oriCrescue and 

oriCrescue control were transduced into MG1655 (oriC::zia::pKN500, asnA::cat, 

asnB::tet) using P1 phage. Both oriCrescue and oriCrescue control were successfully 

transduced, indicating that both origins are capable of initiating new rounds of 

chromosome replication, and that inserting DnaA binding site between R1 and the 

DUE suppresses the loss of function caused by deletion of the bend region between 

R1 and R5M.  

To evaluate replication timing from oriCrescue and oriCrescue control, the 

transduced strains were grown in minimal media supplemented with glucose and 

casamino acids and then treated with rifampicin and cephalexin, and incubated to 

allow completion of ongoing rounds. The number of origins per cell at the time of 

drug treatment was determined using flow cytometry, as described above. MG1655 

  



 

 104 

 
Figure 20. R1 is capable of donating DnaA to either side of the origin. DMS 
footprint of (A) wild type oriC origin, and (B) oriCrescue origin is shown. Briefly, 
purified DnaA – ATP (see concentrations in the figure) was incubated with wild 
type or mutant origins prior to the treatment of dimethyl sulfate (DMS). DMS 
treated samples were then primer extended and the products were run on 
sequencing gels (see methods for detailed explanation). Binding sites and the 
diagnostic G positions are marked. (C) Quantitation of DnaA binding boxes when 
bound to various concentrations (see figure), relative to the band intensity of site in 
absence of DnaA is shown. 
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carrying either wt oriC or oriCrescue control cells were essentially identical, containing 

2, 4, or 8 origins, and Both the strains had approximately 3.8 origins per cell (figure 

21A and B). This result suggests that placing a DnaA binding box between DUE 

and R1 does not perturb initiation. In contrast, cells carrying oriCrescue contained 

odd numbers of origins, and the average number of origins per cell was higher than 

in cells with wild type oriC or oriCrescue control cells (figure 21C). These results 

suggest that the oriCrescue cells over-initiate, and that some copies of oriCrescue 

initiated more than once per cell cycle. These data suggest that although oriCno bend  



 

 106 

 
Figure 21. oriCno bend can be rescued by “bridging” the gap region between R1 
and DUE. DNA histograms of (A) wild type MG1655, (B) MG1655 oriCrescue 

control, and (C) oriCrescue cells growing in minimal media supplemented with 
casamino acids and glucose (see methods) and treated with rifampicin and 
cephalexin, then analyzed by flow cytometry. The number of origins in cells and 
relative cell mass* at the time of drug treatment is shown. Schematic representation 
of the origin is shown. 
 
* Relative cell mass was measured by scattered light of mutant strain compared 
with the wild type strain. 
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can be rescued by placing a DnaA binding site between the DUE and R1, the 

rescued origin has lost the key regulatory mechanism ensuring once per cycle 

initiation.  

 

4. oriCrescue IS DEPENDENT ON DnaA BOX R1 FOR ORIGIN ACTIVATION 

 In wild type E. coli orisome assembly, DnaA binding to R1 is not essential 

for chromosomal origin function (Kaur et al., 2014). However, if oriCrescue is 

functional because DnaA bound to R1 donates DnaA laterally to the unwound 

DUE, it is possible that the R1 site would be required for oriCrescue activity. To test 

this idea, the R1 site in oriCrescue was converted to a non-binding sequence (5’ 

GATATAGTT) based on (Weigel et al., 2001) by site-directed mutagenesis, and 

recombineering was used to transplant the resulting origin (oriCrescueR1scr) into the 

chromosome, replacing wild type oriC. Then function was evaluated by attempting 

to transduce oriCrescueR1scr into the MG1655 strain, as described above. Interestingly, 

no colonies containing oriCrescueR1scr appeared after several transduction attempts, 

suggesting that R1 is an essential site on this origin. This result was verified by 

transforming the recombineered strain containing oriCrescueR1scr with the copA and 

dnaA expressing plasmids, as described above. Consistent with the results of the 

transduction experiments, cells carrying oriCrescueR1scr could not be transformed 

with the plasmid co-expressing copA and dnaA although the cells were competent 

since they could be transformed with a plasmid expressing just DnaA, since this did 
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not inactivate the alternative plasmid R1 chromosomal origin (Figure22). This 

result confirms that DnaA bound to R1 in oriCrescue is essential for origin function. 

Additionally, this result provides additional support to the idea that in the absence 

of the bend between R1 and R5M, the origin is functional only if DnaA extends 

into the unwound DUE region laterally from R1. A similar lateral donation has 

been reported to be essential for initiation in B. subtilis (Richardson et al., 2016). 

Possible similarities between oriCrescue and the B. subtilis oriC are presented further 

in the Discussion. 
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Figure 22. oriCrescue origin is dependent on R1 for function. DnaA null cells 
carrying a plasmid R1 origins and a copy of wild type oriC or oriCrescue, R1 no bind, 
were transformed with plasmid expressing either dnaA or co-expressing dnaA and 
copA, plasmid R1 inhibitor. Colonies transformed with the plasmids in (A) wild 
type oriC (top panel) and oriCrescueR1scr (bottom panel) is shown. (B) Relative 
transformation efficiencies of colonies obtained from copA + dnaA transformed 
cells and origin activity is shown in the table (top panel). Bottom panel shows 
origin configuration. Transformation efficiencies were calculated after 18 hours of 
growth (white square represents scramble site). Relative transformation efficiency 
shown is an average of two separate experiments were performed. 
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5. oriCrescue, BUT NOT WILD TYPE oriC REQUIRES DnaA TRIO SEQUENCES 

FOR ORIGIN ACTIVATION 

 Recent experiments done by the Murray lab on the B. subtilis origin, have 

identified sequences (3’ GAT, or variations of this triplet) as being essential for 

origin function (Richardson et al., 2016). Six of these triplets are located at the 3’ 

end of the B. subtilis DUE, separated from DnaA box by 5 base pairs. DnaA-ATP 

is reported to extend from the DnaA box to ssDNA in the triplet sequences, and 

bind at a 1:1 DnaA: triplet ratio, forming the DnaA-ATP oligomeric filament which 

then provides a stable conformation for subsequent steps in orisome assembly 

(Richardson et al., 2016). Because each triplet forms a ssDNA DnaA binding site, 

the sequences have been termed DnaA trios. Bioinformatic analysis identified 

DnaA trios in the origins a wide variety of bacteria, including E coli oriC, where 2 

were identified at the 3’ end of the right 13-mer. However, because wild type E coli 

oriC apparently does not donate DnaA laterally R1 from to the DUE, it is unclear 

that DnaA trio sequences are required for E coli oriC activation. To examine the 

role of DnaA trios in E. coli, trio sequences on wild type oriC were mutated (3’ 

GAT to 3’ GTT) using site directed mutagenesis (forming oriCno trio). The mutated 

sequences were chosen because they had been demonstrated to eliminate trio 

binding to DnaA, and origin function, in B. subtilis (Richardson et al., 2016). Then, 

oriCno trio was transplanted into the chromosome, replacing wild type oriC. oriCno 

trio was tested by attempting to transduce it into the MG1655 background, as 
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described above. Colonies containing oriCno trio as the sole chromosomal origin 

were recovered after the transduction, indicating that DnaA trio sequences in E. coli 

oriC are not essential for origin function.  

 Flow cytometric analysis was done to evaluate initiation timing in MG1655 

initiating from wt oriC or oriCno trio, after treatment with rifampicin and cephalexin, 

as described above. As shown previously, wild type MG1655 grown in this media 

contained 2, 4, or 8 origins (figure 23A). Scrambling the E. coli DnaA trios did not 

perturb initiation, since MG1655 (oriCno trio) also contained 2, 4, or 8 origins, and 

the same average number of origins per cell as wild type MG1655 (figure 23B). 

These data suggest that E. coli oriC does not normally use DnaA trios during 

orisome assembly, possibly because the DNA bend between R1 and R5M promotes 

cross-strand DnaA interactions between DnaA bound to the left array of low 

affinity sites and the unwound DUE. Furthermore, these data and those from 

Richardson et al (2016) suggest that there are at-least two modes of origin  
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Figure 23. Wild type E. coli oriC does not engage DnaA trio motifs during 
orisome assembly. DNA histograms of (A) wild type MG1655 and (B) MG1655 
oriCno trio cells growing in minimal media supplemented with casamino acids and 
glucose (see methods) and treated with rifampicin and cephalexin, then analyzed by 
flow cytometry. The number of origins in cells and relative cell mass* at the time 
of drug treatment is shown. Schematic representation of the origin is shown. 
 
* Relative cell mass was measured by scattered light of mutant strain compared 
with the wild type strain. 
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activation, one that engages DnaA trios and one that doesn’t (Richardson et al., 

2016). 

 Since the oriCrescue configuration is similar to the B. subtilis origin in that 

DnaA appears to be donated laterally into the DUE, it is possible that oriCrescue 

requires DnaA trio sequences for origin activation. To test this idea, the DnaA trios 

in oriCrescue were inactivated by mutation (3’-GAT-3’GTT) and the mutated origin 

(oriCrescue, no trio) was transplanted into the chromosome by recombineering. To test 

function of oriCrescue, no trio, we attempted to transfer it into the MG1655 background 

using P1 transduction. However, no colonies containing oriCrescue, no trio were 

obtained, after several attempts, suggesting that oriCrescue, no trio can’t initiate 

chromosomal DNA replication. To confirm this result, an attempt was made to 

transform the recombineered strain (containing wild type oriC or oriCrescue, no trio) 

with a plasmid co-expressing copA and DnaA, or DnaA alone. While it was 

possible to transform cells with wt oriC with these plasmids, cells containing 

oriCrescue, no trio could not be transformed with the plasmid co-expressing copA and 

dnaA (figure 24). The transduction and transformation experiments, suggest that 

although E coli origin activation does not normally require DnaA trios, these sites 

are required for oriCrescue origin activation.  
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Figure 24. oriCrescue origin is dependent on DnaA trio for function. DnaA null 
cells carrying a plasmid R1 origins and a copy of wild type oriC or oriCrescue, no trio, 
were transformed with plasmid expressing either dnaA or co-expressing dnaA and 
copA, plasmid R1 inhibitor. Colonies transformed with the plasmids in (A) wild 
type oriC (top panel) and oriCrescue, no trio (bottom panel) is shown. (B) Top panel 
shows relative transformation efficiencies of colonies obtained from copA + dnaA 
transformed cells and origin activity is shown in the table. Bottom panel shows 
origin configurations. Transformation efficiencies were calculated after 18 hours of 
growth. Relative transformation efficiency shown is an average of two separate 
experiments were performed. 
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6. THE GC RICH SEQUENCE BETWEEN E. coli oriC’s DUE AND R1 MAY 

PREVENT LATERAL DONATION OF DnaA FROM R1 TO THE DnaA 

TRIOS 

Based on the studies presented above, it appears that two possible 

mechanisms exist to deliver DnaA to the DUE in the late stages of initiation. The 

first mode, exemplified by wild type E. coli oriC, uses a DNA bend to facilitate a 

trans donation. The second mode, observed in the B. subtilis origin, as well as in 

oriCrescue, uses a lateral donation from a nearby DnaA box. Presumably, wild type 

oriC can’t use this mode because the region between R1 and the trios is too far for 

cooperative DnaA interactions. However, we wondered which mode of DnaA 

donation to the DUE would prevail in oriCrescue control, where there is both a bend 

between R1 and R5M, and a low affinity site bridging the span between R1 and the 

trios. To examine this, DnaA trio sequences were mutated in oriCrescue, (making 

oriCrescue control, no trio) and function was tested by transduction after transplantation 

into the chromosome, as described previously. We were unable to transduce 

oriCrescue no trio into MG1655, suggesting that DnaA trio sequences is essential for 

this origin’s ability to trigger chromosome replication. This result was confirmed 

by attempting to transform the recombineered cells with the plasmid co-expressing 

copA and dnaA. This transformation also produced no colonies, verifying that 

lateral donation of DnaA to trio sequences, when possible, might be a preferred 

method to deliver DnaA to the DUE (Figure 25). 
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Figure 25. Gap region between DUE and R1 prevents DnaA trios being 
engaged in wild type E. coli oriC. DnaA null cells carrying a plasmid R1 origins 
and a copy of wild type oriC, mutant oriCs, were transformed with plasmid 
expressing either dnaA or co-expressing dnaA and copA, plasmid R1 inhibitor. 
Colonies transformed with the plasmids in (A) wild type oriC (top panel), oriCrescue 

control, no trio (middle panel), and oriCDUE 2bp R1, no trio (bottom panel) is shown. (B) 
Relative transformation efficiencies of colonies obtained from copA + dnaA 
transformed cells and origin activity is shown in the table (top panel). Bottom panel 
shows schematic representation of the origins. Transformation efficiencies were 
calculated after 18 hours of growth. Relative transformation efficiency shown is an 
average of two separate experiments were performed. 
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DISCUSSION 

 

In all domains of life, cells must duplicate their genomes to ensure each 

daughter cell receives a complete set of genetic material. This is a critical process, 

required to maintain genome stability, and so must be tightly regulated. In bacteria, 

much of the regulation takes place at the initiation stage of chromosome 

replication. Bacterial cells assemble a nucleoprotein complex, called the orisome 

comprising the conserved initiator protein, DnaA, and the replication origin (oriC). 

The orisome has two critical tasks. First, it must perform the mechanical functions 

of initiation, which include separation of DNA strands and loading proteins needed 

to assemble new replication forks onto the single stranded DNA. Second, the 

orisome must perform these tasks or origin activation at a precise time, and only 

once, each and every cell cycle. Logically, efforts to identify potential antibiotic 

targets should focus on identifying elements of orisome assembly that are essential 

for the mechanical tasks of origin activation. However, although the initiator DnaA 

is highly conserved and performs the same function in all bacteria, replication 

origins have diverse configurations, and vary widely in the number and placement 

of DnaA binding sites, so that orisome assembly might not be identical among 

different bacterial types (Leonard and Grimwade, 2015; Wolanski et al., 2015), 

Even in the best studied model of bacterial replication initiation, E. coli, it is not yet 

known which aspects of orisome assembly are required for mechanical functions, 
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and which are used to regulate timing. The studies in this dissertation provide novel 

information about elements in Escherichia coli oriC that direct essential aspects of 

orisome assembly leading to origin activation, or that regulate the timing of 

initiation. 

 

LOW AFFINITY DnaA-ATP BINDING SITES REGULATE WHEN DnaA CAN 

BIND TO oriC. 

DnaA-ATP has long been considered to be the active form of the initiator, 

based on biochemical studies that determined that DnaA-ATP is required for origin 

unwinding and for in vitro oriC plasmid replication (Sekimizu et al., 1987). The 

256 base pairs comprising E. coli oriC contain eleven DnaA binding sites (see 

figure 4A) six of which (τ2, I1, I2, C3, C2, I3) contain a nucleotide sequence that 

preferentially binds DnaA-ATP (Kawakami et al., 2005; McGarry et al., 2004; also 

see figure 9A) with low affinity. DnaA-ATP occupies the these sites only at the 

time of initiation (Nievera et al., 2006; Rozgaja et al., 2011), when cellular DnaA 

levels are highest (Kurokawa et al., 1999). The access of DnaA-ATP to these sites 

is regulated not only by controlling the cellular levels of DnaA-ATP, but also by 

proteins, such as SeqA, that blocking the sites from re-binding DnaA-ATP after 

initiation (Nievera et al., 2006). Other bacterial oriCs have been shown to contain 

low affinity sites, including the origins of C. crescentus oriC, M. tuberculosis, H. 

pylori, and B. subtilis (Charbon and Løbner-Olesen, 2011; Donczew et al., 2014; 
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Madiraju et al., 2006; Richardson et al., 2016; Taylor et al., 2011), and while it is 

not yet clear if the sequences of these low affinity sites preferentially bind DnaA-

ATP, DnaA-ATP access to these origins is clearly regulated by accessory proteins 

(Bonilla and Grossman, 2012; Donczew et al., 2014; Merrikh and Grossman, 2011; 

Purushotham et al., 2015; Scholefield et al., 2012; Taylor et al., 2011), which in 

some cases have been shown to be needed for properly timed initiations. These 

reports clearly suggest that low affinity sites that bind DnaA-ATP should help 

regulate initiation timing, but it is not known each site plays an equivalent role. It is 

also not clear if the DnaA bound to these sites must be DnaA-ATP for a mechanical 

reason, in order to form a complex capable of origin activation.  

We addressed both the timing and mechanical functions of DnaA-ATP 

bound to low affinity sites in E coli oriC by introducing mutations in the low 

affinity DnaA boxes that bound both forms of DnaA equivalently (making 

oriCallADP). Our data reveal that once bound to oriCallADP, DnaA-ADP is fully 

capable of performing the mechanical functions in origin activation, since 

conversion of all of the low affinity sites to non-discriminatory sequences did not 

result in loss of origin function, and even allowed a mutant DnaA (DnaA46), 

defective in ATP binding, to have trigger initiation. Although functional, oriCallADP 

over-initiated, indicating that the attribute of preferential DnaA-ATP binding exists 

predominantly to control timing of orisome assembly during the cell cycle.  
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We also obtained evidence that loss of DnaA-ATP preference at individual 

low affinity recognition sites can shift initiation timing during the cell cycle. 

However, the timing role for recognition sites was complex, and depended on both 

recognition site location and cellular growth rate. During slow growth in minimal 

medium with a succinate carbon source, we found that individual loss of preference 

mutations caused a shift in initiation timing, supporting a site filling-dependent 

clock mechanism. But, the unexpectedly larger shift to earlier initiation timing 

caused by mutations at t2 were not consistent with a simple mechanism based 

solely on progressive site filling where each site requires an equivalent amount of 

time. We propose that the occupation of t2 acts as a bottleneck step during the 

orderly progression of orisome assembly, although we can only speculate about the 

mechanism responsible. Filling the arrayed low affinity sites in the left half of oriC 

proceeds towards the center of oriC using cooperative DnaA interactions (Rozgaja 

et al., 2011; Shimizu et al., 2016) and nucleation of the DnaA oligomer in normally 

growing cells requires the proximal placement of the DnaA occupying R1 in the 

vicinity of R5(M) and t2 (Ozaki and Katayama, 2012; Kaur et al., 2014). The 

important features of this step are IHF-dependent DNA bending and cross-strand 

interactions of DnaA molecules (Cassler et al., 1995; Rozgaja et al., 2011; Kaur et 

al., 2014; Shimizu et al. 2016). Thus, t2 is in a special position as the first site with 

DnaA-ATP preference that would become occupied during left side oligomer 

assembly. Several features of this orisome assembly step could reduce DnaA-ATP 
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accessibility at t2. The very sharp DNA bend generated by IHF or some structural 

aspect of the partial orisome assembly may be sufficient to impede site access. The 

orisome complex at this stage may also demonstrate unstable low affinity site 

occupation until the DnaA molecules destined to bind at R5(M) and t2 both 

achieve a stable cross-strand interaction with the DnaA at R1 donated via the bent 

DNA. Achieving this stable bend configuration may be time consuming as a 

bottleneck stage of orisome assembly. Once a stabilized bend is produced by the 

occupation of both R5M and t2, the remaining recognition sites could fill more 

rapidly as long as DnaA-ATP is available.  

Any bottleneck in orisome assembly would be expected to perturb the 

triggering of synchronous initiations at multiple copies of oriC during rapid growth 

as well (Skarstad et al., 1986). However, we observed no bottleneck at t2ADP in fast 

growing E. coli. Since IHF-catalyzed DNA bending is a normal feature of orisome 

assembly in both slow and fast-growing cells (Cassler et al., 1995; Rozgaja et al., 

2011), a change in DnaA’s ability to access its oriC sites may be the best 

explanation for this lack of bottleneck. Previously. Ryan et al. proposed a 

mechanism whereby Fis interactions with oriC could raise the local availability of 

DnaA to ensure synchronous initiations from all oriC copies during rapid growth 

(Ryan et al., 2004; Leonard and Grimwade, 2011). If the available levels of DnaA-

ATP necessary to displace Fis from oriC over-shoots the amount necessary to fill 

all of the remaining recognition sites, initiation timing would be determined 
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predominantly by the rate of DnaA accumulation and the threshold level necessary 

to displace Fis. In this role, Fis serves as both a positive and negative regulator 

during orisome assembly, negatively regulating IHF-dependent orisome assembly 

steps in the left half of oriC, but increasing the local availability of DnaA-ATP as a 

result of its DnaA-ATP accumulator role (Ryan et al., 2004; Flåtten and Skarstad, 

2013). In support of an initiation timing role for Fis during fast growth, we 

observed that loss of preference mutations at recognition sites in the right half of 

oriC caused an under-initiation phenotype as well as initiation asynchrony. This 

behavior would be expected if the mutation caused a reduction in the level of 

DnaA-ATP accumulated by FIS due to its early displacement by DnaA-ADP. 

Double mutations involving t2 led to an over-initiation phenotype along with 

initiation asynchrony, consistent with a wild-type level of DnaA-ATP accumulated 

by Fis coupled with the reduced requirement for DnaA-ATP to overcome the τ2 

bottleneck.  

These results suggest that bacteria may not use a single initiation timing 

mechanism that is compatible with all growth rates, but rather multiple mechanisms 

that are optimized for particular growth rates and shift dynamically as is 

appropriate. This is modeled for E coli in (Figure 26). For other bacteria, any need 

for diversity in timing mechanisms is likely to be reflected in the variety of 

numbers and placement of DnaA recognition sites in the replication origins 

(Leonard and Méchali 2013), where variations in recognition site number and 
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position may also result in bottlenecks and/or growth rate regulators. (excerpted 

from Rao et al). 
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Figure 26. Model of growth-rate dependent regulation of orisome assembly in 
E. coli. (A) When growing rapidly, E., coli cells contain more than one copy of 
oriC. Bound Fis protein prevents low affinity site occupation and IHF-induced 
bending until enough DnaA-ATP becomes available to displace FIS, removing the 
block to initiation. This raises the cellular DnaA-ATP levels high enough to ensure 
all cellular copies can begin replication synchronously at all the origins. (B) In slow 
growing cells, only one copy of the origin is present and Fis protein is absent. In 
this case, DnaA-ATP fills binding sites as the initiator become available, although 
some sites, such as τ2, may have a higher filling threshold.  
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DnaA BOUND TO TWO LOW AFFINITY SITES IN THE LEFT HALF OF oriC 

IS SUFFICIENT FOR ORIGIN ACTIVATION. 

 Previous studies by the Løbner-Olesen and the Messer labs suggest that loss 

of DnaA binding to one low affinity sites does not inactivate oriC (Riber et al., 

2009; Weigel et al 2001). There are also studies that indicate that only the left 

region of oriC is required for initiation (Ozaki et al., 2012; Ozaki and Katayama, 

2012; ; Stepankiw et al., 2009). However, which specific low affinity sites are 

essential has not been thoroughly investigated, nor is it clear how many low affinity 

sites have to be occupied for origin unwinding. These questions address the much 

greater question of how the origin is, in fact, unwound, which, despite decades of 

studying the initiation process, is still not fully understood.  

Models for origin unwinding fall into two basic classes. In the first class, 

DnaA binding to double stranded DNA low affinity sites creates torsional stress 

that destabilizes the DNA helix in the AT-rich DUE (Leonard and Grimwade, 

2010a; Ozaki and Katayama, 2012). Logically, if this is the case, there should be a 

minimum number of sites that must be filled in order to generate the required 

amount of stress. In the second class, DnaA-ATP engages one strand of DNA in the 

DUE, and unwinds the DNA by binding and stretching it as DnaA-ATP 

oligomerizes into a helical filament (Duderstadt et al., 2011). This model places 

less emphasis on occupation of a particular number of low affinity sites, as long as 

DnaA-ATP can be recruited to the DUE region.  
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Our studies favor the first class of models, since we found that any two of 

the low affinity sites between R1 and R2 are sufficient for origin activation (Figure 

27). Since origin activity improved (less under-initiation) as the number of 

functional sites was increased to 4, it is possible that each site can generate an 

incremental amount of stress, which when combined is sufficient to unwind the 

origin. Our data are not consistent with a recent biochemical study indicating that 

only DnaA bound to R1 and R5M, was required for origin unwinding (Sakiyama et 

al., 2017). It is possible that in vivo conditions for origin unwinding are different 

from the in vitro conditions used in this study. It is also unclear whether R1 or R2 

are required, in addition to the two low affinity sites, for unwinding, although since 

low affinity sites can not bind DnaA independently, it seems likely that at least one 

of them must be bound to act as a donor site. Future studies, knocking out DnaA 

binding to one of the high affinity sites are needed to answer this question. Studies 

are also needed to determine how the torsional stress that results in unwinding is 

generated. Perhaps, the 30-40° kink in the DNA that occurs when DnaA occupies a 

9-mer site (Schaper and Messer, 1995) might, when enough sites are bound, be 

sufficient for strand separation. Since other bacterial origins carry different 

numbers of DnaA binding sites (Wolanski et al., 2015), it is also possible that the 

number of sites that must be occupied might vary depending on the bacterial type. 

Perhaps it would be worthwhile doing mutagenesis studies on the origins that lack 

E. coli oriC like features, to see if this is the case. 
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We also found that sites in the right half of oriC, between R2 and R4, are 

not required for origin activation, but do improve origin function. This is consistent 

with the idea that DnaA binding can create some torsional stress, and is also 

consistent with previous studies that proposed that the left and the right halves of 

the origin make different contributions to origin activity (Ozaki and Katayama, 

2012; Stepankiw et al., 2009). Given that the right low affinity sites regulate Fis 

binding, it is possible that the region between R2 and R4 plays a more regulatory 

role. One can speculate that other bacterial origins also have regions with unequal 

functions. For example, the  origins in H. pylori and B. subtilis are bipartite, with 

functional regions being separated by a long stretch of DNA (Donczew et al., 2014, 

2012a; Jameson and Wilkinson, 2017; Moriya et al., 1999). In H. pylori, a model 

has been proposed where DnaA is recruited by one region, and then DNA looping 

between the separated regions allows the two regions to interact with each other 

and activate the origin.  
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Figure 27. Origin unwinding in E. coli oriC. Once the DNA between R1 and 
R5M bends, it allows site R5M site occupation. This is not sufficient to promote 
unwinding. Occupation of any additional site between R1 and R2 is needed to 
generate enough torsional stress to cause the DUE to unwind  
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THE BEND REGION BETWEEN R1 AND R5M IS NOT REQUIRED FOR 

UNWINDING, BUT IS ESSENTIAL FOR NORMAL ORIGIN FUNCTION.  

Although DNA bending has been reported to destabilize the DNA helix, 

previous studies in our lab demonstrated that removal of the bend region between  

R1 and R5M did not prevent origin unwinding and, in fact, promoted low affinity 

site filling and unwinding at a lower DnaA concentration than need in origins 

containing the bend region (Vora, M., 2013 doctoral dissertation). These results 

support a model of unwinding in which the torsional stress is generated when 

enough DnaA bind to low affinity sites in the left region of oriC. However, the 

origin lacking the bend (oriCno bend) was not functional in vivo, suggesting that the 

bend region has an essential role in initiation other than the previously 

demonstrated role of facilitating cooperative binding between R1 and R5M 

(Rozgaja et al., 2011). Given the evidence in the literature that DnaA binds to the 

unwound DUE (Funnell et al., 1987; Ozaki et al., 2008; Sekimizu et al., 1988; 

Speck and Messer, 2001) it seems probable that the IHF-induced bend is required 

to deliver DnaA to the DUE, to stabilize the single-stranded region, and possibly to 

load helicase (Mott et al., 2009).  

It is intriguing that the lethal removal of the IHF-induced bend can be 

reversed by placing a DnaA binding site between R1 and the DUE, which would 

facilitate lateral DnaA donation from R1, both to the left array of low affinity sites, 

and to the DUE region. Based on the results of Vora, lateral donation to the left 
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array will cause oriC rescue to unwind at a lower DnaA concentration than wild 

type oriC, and this could be the reason for oriCrescues’s observed over-initiation. It is 

also likely that some of the observed initiation asynchrony could be caused by the 

left array of site becoming occupied without regulation by Fis, since Fis mediates 

its affect by preventing IHF from binding and facilitating interaction between 

DnaA bound at R1 and R5M.  

This alternate mode of DnaA delivery to the unwound region demonstrates 

some of the enormous plasticity possible when building a bacterial orisome. The 

configuration of oriC rescue mimics that of the B. subtilis origin (Richardson et al., 

2016), and the similarity is reinforced by the dependence of both bs-oriC and ec-

oriCrescue on the DnaA trio sites. In contrast wild type oriC does not require the trio 

sites, and instead uses the IHF-induced bend to couple low affinity site filling and 

unwinding with delivery of DnaA to the unwound region, thus accomplishing two 

essential tasks into one, growth rate-regulated sub-assembly stage.  

Based on the results obtained from this dissertation and experiments 

reported from other groups, I propose that that there are at-least two modes of 

origin activation in bacterial cells (see Figures 27, 28). The ultimate goal of both 

the modes is to achieve an unwound origin state and regulate orisome activity such 

that each origin fires new rounds of replication only once per cell cycle. One mode, 

used by E. coli like origin configurations, couples origin unwinding activity with 

stabilization of the unwound region. This allows origin firing to be controlled by 
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growth-rate regulated accessory proteins, like Fis, that regulate the ability to form 

the critical bend. Origins of this type also tightly regulate DnaA-ATP levels, 

because the rate of binding of DnaA-ATP to the low affinity DnaA-ATP sites 

ultimately controls whether or not Fis is bound. In the other mode, used by 

organisms such as B. subtilis, formation of oligomeric DnaA-ATP is controlled by 

anti-cooperativity factors, such as soj/ParA (Scholefield et al., 2012) and YabA 

(Goranov et al., 2009; Hayashi et al., 2005), that regulate lateral extension of DnaA 

from a strong site to the trio elements, where presumably, bound DnaA-ATP 

oligomers mediate unwinding (Richardson). In these organisms, DnaA-ATP levels 

are not as tightly regulated, and the regeneration of DnaA-ATP from DnaA-ADP is 

much faster than in E coli (Bonilla and Grossman, 2012).  

 

 

 

 

 

 

 

 



 

 132 

 
Figure 28. ssDUE occupation in E. coli oriCrescue and B. subtilis. In oriCrescue, 
DnaA is donated laterally to the DUE. This process requires a bridging site 
between R1 and the DUE, plus DnaA trio sites. The same type of donation occurs 
in the B. subtilis origin.  
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FUTURE PROSPECTS: 

 Since orisomes are essential for bacterial cell proliferation, and because 

they are relatively different from the initiation complexes used by eukaryotic cells, 

orisome assembly may be a suitable, unexploited source of targets for new 

antibiotics. Further understanding of essential elements for orisome assembly in 

different bacteria could lead to both broad spectrum antibiotics that block a 

conserved component of all orisomes, or pathogen-specific specific drugs that 

targeting unique, type-specific element. Unfortunately, the lack of understanding of 

how orisomes are assembled in other bacterial species is currently a road block in 

the quest for new antibiotics that inhibit replication initiation. Fortunately, genetic 

tools such as homologous recombination (Sharan et al., 2009) can aid the effort,  

since they might allow transplantation of pathogenic bacterial  origins into E. coli 

for future study (Grimwade and Leonard, 2017; Leonard and Grimwade, 2015). 

One particular advantage of using this tool is that one can study pathogen orisome 

assemblies without having to actually grow and maintain the pathogen.  

Such heterologous strains could also form the basis for developing assays to screen 

for novel chemicals with antimicrobial activity.  
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APPENDIX 

 
Table no. 1: List of primers used in this study. Mutagenesis primers had 
approximately 10 to 15 bp flanking homology on either side of the mutation (see 
table no 4 for mutation list). 

 
 

Primer 
Purpose Sequence (5’ – 

3’) 
 

 
oriC swap  

 
Recombineering  

 
GAC CCA TAC 
GCG CCG CGG 
C 

Hybridizes ~157 bp 
upstream on left 13-mer 
region (used to generate 
oriC PCR fragment from 
pOC170). Used OR10 as 
reverse primer 

 
OR9 

 
Recombineering  

CAC GGC CAC 
CGC TGT AAT 
TAT 

Hybridizes at mioC gene 
(generate oriC fragment 
for sequencing). Used 
OR10 as reverse primer  

 
OR10 

 
Recombineering  

ATC CCA TAC 
TTT TCC ACA 
GG 

Hybridizes at gidA gene 
(generate oriC fragment 
for recombineering and 
sequencing purposes). 

 
OR84 

 
Sequencing 

CTCAACTTTGT
CGGCTTGAG  
 

Hybridizes a few base 
pairs upstream of DUE 
region. Used for 
sequence analysis. 

 
SI 1 

Footprinting 
primer 
extension 

CCA GCT TAT 
ACG GTC CAG 
 

Hybridizes at DnaA box 
I1 (used to amplify 13-
mer and R1 region) 

 
SR4 

Footprinting 
primer 
extension 

GAT CGC ACG 
ATC TGT ATA 
C  

Hybridizes at DnaA box 
R4 (used to amplify 13-
mer – I2 region) 

 
OR13 

Footprinting 
primer 
extension 

GTT CAG TTT 
TTG AGT TGT 
G 

Hybridizes at DnaA box 
R2 (used to amplify 13-
mer – R5M region) 
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Table no. 2: Bacterial strains used in this study.  
 

Strain Genotype Source 
 

Dh5α 
F-, Δ(argF-lac)169, 
φ80dlacZ58(M15), ΔphoA8, glnX44(AS), λ-

, deoR481, rfbC1?, gyrA96(NalR), recA1, e
ndA1, thiE1, hsdR17 
 

 

 
XL1-Blue 

F´ ::Tn10 proA+B+ lacIq Δ(lacZ)M15/ recA1 
endA1 gyrA96 (NalR) thi hsdR17 (rK– mK+) 
glnV44 relA1 lac 
 

Stratagene 

 
ACL402 

asnB32, relA1 spoT1 thi-1 fuc-1 lysA ilv-
192, zia::pKN500, ΔdnaA mad-1, 
λcI857Δ(cro-bioA), nad::Tn10, ΔoriC::cat-
sacB  
 

Grimwade et al, 
(manuscript in 
peer review) 

 
KB02 

MG1655(oriC::pKN1562(kan), asnA::cat, 
asnB::Tn10  
 

Grimwade et al, 
(manuscript in 
peer review) 

 
MG1655 

F-, λ-, rph-1 
 
 

 

 
BL21 

(DE3)pLysS 

F-, lon-11, Δ(ompT-nfrA)885, Δ(galM-
ybhJ)884, λDE3 [lacI, lacUV5-T7 gene 1, 
ind1, sam7, nin5], Δ46, [mal+]K-

12(λS), hsdS10, pLysS 

(Li and Crooke, 
1999)(Li and 
Crooke, 1999) 
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Table no. 3: Plasmids used in this study. Plasmid/strain names for pOC170 based 
oriC mutations are shown table no. 4 
 

Plasmid Plasmid characteristics Source 
 

pOC170 
Carries both pBR322 replication as well as 
wt E. coli oriC and the bla gene for 
ampicillin resistance (3852bp). 
 

(Langer et al., 
1996) 

pMW110 Carries E. coli dnaA gene expressed from its 
own promoter and bla gene for ampicillin 
resistance (7762bp). 

(Pierucci et al., 
1987) 

pAL110 Derived from pMW110, this plasmid carries 
a 254bp copA (amplified from LK211) 
(Koppes and Nordström, 1986) 

(Kaur et al., 
2014) 

pZL411 dnaA gene in pET19b expression vector, 
T7lac promoter and translation signal; T7 
terminator; multiple cloning site; pBR322 
origin. This plasmid also carries bla gene 
for ampicillin resistance 

(Li and Crooke, 
1999) 
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Table no. 4: oriC mutations used in this study. Origin configurations for each 
mutation is shown. Red squares indicate high affinity sites, Blue squares indicate 
low affinity (non-preferential) site, and yellow squares indicate low affinity (ATP 
preferential) site. White squares indicate non-binding boxes. Number of base pairs 
deleted/added in spacing mutants are indicated in the table. 
 
 
Mutation name oriC representation 5’ - Mutated 

sequence 
wt oriC 

 
Wild type 

oriCτ2 ADP 
 
τ2 – TGTGATCGA 

oriCI1 ADP 
 

I1 – TGTGAATGA 

oriCI2 ADP 
 

I2 – TGTGATCAG 

oriCC3 ADP 
 

C3 – TGTGAATGA 
 

oriCC2 ADP 
 
C2 – TGTGATCAG 

oriCI3 ADP 
 

I3 – TTGATCAAA 

oriCτ2I2 ADP 
 
τ2 – TGTGATCGA 
I2 – TGTGATCAG 

oriCτ2I3 ADP 
 
τ2 –TGTGATCGA 
I3 – TTGATCAAA 

oriCI3C3 ADP 
 

I3 – TTGATCAAA 
C3 – TGTGAATGA 

oriCI2I3 ADP 
 

I2 – TGTGATCAG 
I3 – TTGATCAAA 

oriCall ADP 
 

All low affinity 
changed to the 
sequence mentioned 
above 

oriCRight array no bind 
 

C1, I3, C2, and C3 
changed to  
AATATGTGT 

oriCR4 scr 
 

Kaur et al., 2014 
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oriCLeft array not bind 
 

R5M, τ2, I1, and I2 
changed to  
ACACATATT 

oriCτ2 I1 I2 not bind 
 
τ2 – ACACATATT 
I1 – CAATGCGCC 
I2 – GTTTCGACT 

oriCI1 I2 not bind 
 
I1 – CAATGCGCC 
I2 – GTTTCGACT 

oriCR5M τ2 not bind 
 

M –ACACATATT 
τ2 – ACACATATT 

oriCτ2 I1 not bind 
 
τ2 – AACGATCTC 
I1 – CAATGCGCC 

oriCR5M I2 not bind 
 
M – GTGTCCGTC 
I2 - GTTTCGACT 

oriCno bend             

 

R1 2bp from R5M 
TGTGGATAAACT
GTGAATGA 

 

oriCrescue 

          
 
          

 

Gap region between 
DUE and R1 
changed to 
GATGTGAATGAC
C and R1 2bp from 
R5M 
TGTGGATAAACT
GTGAATGA 

oriCrescue control  

 

Wt oriC, Gap region 
between DUE and 
R1 changed to 
GATGTGAATGAC
C  

 

oriCrescue, R1 no bind 

        
          

 

R1 scramble 
sequence (Weigel et 
al., 2001) in 
oriCrescue origin  

 

oriCrescue, no trio 

  
              

 

E. coli trio sequence 
5’ TATTAG 
changed to 5’ 
TTTTTG on 
oriCrescue origin 

  

 

E. coli trio sequence 
5’ TATTAG 
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wt oriCno trio changed to 5’ 
TTTTTG on wt oriC 
 

 

oriCrescue control no trio 

 

 

E. coli trio sequence 
5’ TATTAG 
changed to 5’ 
TTTTTG on 
oriCrescue control origin 
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Table no. 5: Media compositions.  
 

Media Composition 
Luria Bertini  Bacto Tryptone – 10g/L 

Yeast Extract – 5g/L 
NaCl – 5g/L 
Thymine – 0.01mg/m; 
pH – 7.0 

 
Minimal* 

NH4Cl – 2g/L 
Na2HPO4 6g/L 
KH2PO4 – 3g/L 
NaC1 – 3g/L 
MgSO4 – 0.25g/L 

 
 * For growing MG1655 cultures in minimal media supplemented with casamino 
acids and succinate, 0.01mg/ml and 20µg/ml of uracil was added respectively.  
 
 


