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Chapter 1 

 

Introduction 

 

1.1 Genome instability caused by unusual DNA structure 

DNA structure is well known as the classical Watson and Crick B-DNA double helix. For 

many years it has been believed that DNA in general occurs in uniform structure. Not until year 

1979 when the first alternative DNA structure- Z-DNA was discovered (Wang et al., 1979). 

DNA can exist with dynamic structure that can adopt a variety of alternative structure or can be 

known as non-B DNA structure. This includes hairpins/cruciform, Z-DNA, triplexes (H-DNA), 

tetraplexes (G-quadruplex DNA) and slipped DNA (Zhao et al., 2010) (Table 1).  

One of the common features among these unusual DNA structure is the presence of 

specific defined sequences, for example mirror repeats, direct repeats, homopurine-

homopyrimidine tracts or inverted repeats (Sinden 1994).  These specific defined sequences 

have the tendency to adopt the alternative DNA structure. An inverted repeat is capable to form 

cruciform structure in double-stranded DNA or hairpin structure in single-stranded DNA (Smith 

2008). DNA sequences with alternating pyrimidines and purines, for instance (CG)n or (CA)n 

favours the formation of Z-DNA (Rich et al., 1984). While, triples DNA (H-DNA) can be 

formed with DNA sequences containing the homopurine-homopyrimidine mirror repeats 

(Frank-Kamenetskii and Mirkin 1995). DNA sequence with repeating elements rich in 

guanosine residues can form the G-qudruplex DNA (Majumdar and Patel 2002). Slipped DNA 

is formed by direct repeats when the complementary repeats mispair and resulting in loop-out 

structure (Sinden et al., 2007).  

The presence of these unusual DNA structures has been suggested as a source of genome 

instability associated with chromosomal deletion, expansion, breakage or chromosomal 

rearrangement. It has been suggested that genome instability is dependent on DNA replication. 
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Of these repeats, tinucleotide repeat sequence (TRS) has been reported to be involved in human 

neurodegenerative diseases (Wells and Warren 1998; Oostra 1998). These diseases involved in 

the expansion of trinucleotide repeats for instance, (CTG)n/(CAG)n, (CGG)n/(CCG)n and 

(GAA)n/(TTC)n (Wells and Warren 1998). It is suggested that the instability of these 

trinucleotide repeats is dependent on the activity of DNA replication. The ability of secondary 

structure formation from these repeats happening during DNA replication may cause the 

expansion or contraction of this repeat depending on their orientation (Mirkin 2007).  

H-DNA forms at DNA regions with homopurine-homopyrimidine mirror repeats capable 

to induce genetic instability in mammalian cells. Wang and Vasquez (2004) suggested that the 

H-DNA is mutagenic in mammalian cells, and double-stranded break (DSB) was also found 

near to the H-DNA. In addition H-DNA has also been shown to arrest DNA polymerase (Rao 

1996; Krasilnikov et al., 1997). A Z-DNA-forming sequence is also known as a hotspot of 

genome instability. It was suggested that Z-DNA induces genetic instability differently in both 

bacterial and mammalian cells. In bacteria, Z-DNA-forming sequence induces small deletion 

within the CG-repeats which cause by the slippage events during DNA replication (Freund et 

al., 1989). DNA sequence rich in guanosine residue potentially forming the G-qudruplex 

structure can also interfere DNA replication. In vitro biochemical studies suggested that G-

qudruplex capable in blocking DNA replication (Weitzmann et al., 1996). 

DNA sequences with defined order sequence are found abundantly in both prokaryotes 

and eukaryotes genome. Studies are now suggesting that these defined order sequence DNA 

can cause genome instability which is dependent on DNA replication. However, there is still 

lacking the detail mechanism about how DNA replication is involved in causing the genome 

instability. Thus, in depth biochemical studies is needed for further confirmation.  
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Table 1 Types of non-B conformation and their characteristic 

Name Conformation General sequence 

requirements 

Reference 

Cruciform 

 

 

 

 
 

Inverted repeats 

 

 

ATGCAGTACTGCAT 

TACGTCATGACGTA 

 

 

Smith 2008 

Z-DNA  

 

(YR.YR)n 

 

CGCGTGGCGTGTG 

GCGCACCGCACAC 

 

Rich et al., 1984 

Triplexes  

(H-DNA) 

 

Mirror repeat 

 

AAGAGG GGAGAA 

T TCT CCCCTC T T 

 

Frank-

Kamenetskii 

and Mirkin 1995 

 

 

Tetraplex  

(G-quadruplex DNA) 

 

 

 

Oligo (G)n tracts 

 

AG3(T2AG3)3 

Single strand 

Majumdar and 

Patel 2002 

Slipped DNA  

 

Direct repeats 

 

TCGGTTCGGT 

AGCCAAGCCA 

Sinden et al., 

2007 
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1.2 Inverted repeats / palindrome sequences 

Inverted repeats or can be known as palindrome is a DNA sequence with two copies of 

same nucleotide sequence oriented in opposite directions (Diagram 1A). Therefore this DNA 

sequence capable to base pair with the complement strands through intramolecular base pairing. 

As a consequent of this intrastrand basepairing, inverted repeats/palindrome sequences are 

capable to adopt two types of DNA secondary structure: (i) cruciform structure when in double-

stranded DNA (dsDNA) (Diagram 1B) and (ii) hairpin structure when in single-stranded DNA 

(ssDNA) (Diagram 1C).  

Formation of cruciform structure requires the melting of interstrand basepairing of the 

duplex DNA in order to form the intrastrand basepairing of the two DNA repeats oriented in 

opposite direction. Cruciform formation is energetically unfavorable in a relaxed DNA 

molecule. The formation of this cruciform requires the melting of the interstrand basepairing 

and stacking interactions in the loop as well as at the base of the stem. Transition from inverted 

repeats to cruciform structure is an energy driven process. The energy required for formation 

of cruciform structure is originated from the negative supercoiling (Lilley 1980; Panayotatos 

and Wells 1981). Mizuuchi et al. (1982) showed that cruciform structure is formed with the 

addition of DNA gyrase that introduce negative supercoiling.   
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Diagram 1 Schematic diagram showing the inverted repeats and the secondary structure. 

(A) Inverted repeats are illustrated with the opposing arrows above the sequence. X represents 

the spacer, nucleotides between the inverted repeats. (B) Formation of cruciform structure when 

in double-stranded DNA. (C) Formation of hairpin structure when in single-stranded DNA. 

 

1.2.1 Biological roles of inverted repeats and hairpin structure 

Inverted repeats/palindrome sequences have been found abundantly in both prokaryotes 

and eukaryotes genome. Many of the inverted repeats lie within the regulatory sequences. 

Hence, the presence of these sequences capable of forming secondary structure may involve in 

several biological functions, for instance replication, transcription or translational control. 

Inverted repeats have been shown to play a crucial role for the initiation of DNA 

replication in bacteria, eukaryotic, viruses and mammalian cells. Numerous studies have shown 

that secondary structure formed from the inverted repeats near or at the DNA replication origin 

as a recognition site for initiation of replication (Pearson et al., 1996).  The 245 bp origin of 

replication in E. coli is known containing many inverted repeats. Within the oriC region of 

Escherichia coli, it contains three AT-rich 13 mer required for opening the duplex and initiation 

of replication (Bramhill and Kornberg 1988). Though, there is no direct evidence showed that 

these inverted repeats involved in alternative conformation (Sinden 1994). In the eukaryotic 

system, for example in the region of autonomously replicating sequences (ARS) of 

Cruciform Hairpin 



6 

 

Saccharomyces cerevisiae consist of 11 bp of conserved AT-rich elements (Stinchcomb et al., 

1981; Broach et al., 1984). Cruciform structure formed from this region is required as the 

binding site for its origin recognition proteins (Callejo et al., 2002).  Apart from that, the origin 

of phage G4 is shown to consist of three inverted repeats that capable to form hairpin structure, 

which are required for primase activity (Lambert et al., 1986). Hiasa et al. (1989) reported that 

the secondary structure of the stem-loops regardless of the DNA sequence is important for the 

priming.   

Transcription is a process in which the binding of RNA polymerase (RNAP) to the 

promoter in DNA is involved. The overall DNA topology of the template DNA can influence 

the interaction of RNAP to the promoter as well as the regulator. One of the examples is the 

involvement of DNA hairpin in regulating the recognition of the N4 virion. N4 virion contains 

three early promoter sites which consist of short inverted repeats with 5 to 7 bp in length 

(Haynes and Rothman-Denes 1985). Glucksmann et al. (1992) showed that the presence of 

inverted repeats in the virion RNA polymerase (vRNAP) promoters that capable to form hairpin 

structure is required for vRNAP recognition. Later on, they also showed that extrusion of 

hairpin promoters as cruciform is mediated by the E. coli host DNA gyrase upon injection to E. 

coli (Dai et al., 1997, 1998). Apart from these, hairpin structure are also involved in the 

translational control mechanism. Studies have shown that secondary structure formed on 

mRNA determined the efficiency of translational initiation in prokaryotes (Gold 1988).  

The presence of inverted repeats that potentially forming the secondary structure such as 

hairpin structure is important in the regulation of numerous essential biological functions.  

Either it is the inverted repeats or the formation of hairpin structure is required as the recognition 

site for those biological functions. Thus, the presence of inverted repeats is somehow essential 

and not avoidable in the genome.  
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1.2.2 Genome instability caused by inverted repeats is suggested dependent on DNA 

replication 

 The presence of inverted repeats has been shown to be functionally important in 

regulation of several biological processes. However, the occurrence of inverted repeats can also 

cause havoc in the genome by provoking genome instability. Two types of phenomenon have 

been reported with the presence of inverted repeats/palindrome sequences: (i) inviability which 

they can cause lethality to the carrier replicon, or (ii) instability whereby inverted repeats/ 

palindrome sequences is deleted at varying frequencies and the carrier is viable. 

 Attempts for cloning large inverted repeats/palindrome have been carried out back to the 

70s but was not successful (Perricaudet el al., 1977). Studies showed that cloned long 

palindrome when transformed into E.coli underwent subsequent deletions and caused instability 

(Collins, 1981). Collins et al. (1982) later showed that higher stability of inverted repeats was 

observed in recB sbcB host. Lilley (1981) also demonstrated that the inability to clone a 260 bp 

palindrome is probably due to the instability of replicon of vector plasmid used. In addition 

short palindrome of 68 bp was also found unstable (Courey and Wang, 1983). 

Difficulties in propagating the long palindrome in E. coli are suggested to be the cause of 

inviability of palindrome-containing plasmid. Hagan and Warren (1982, 1983) showed that a 

palindrome sequence with size greater than 800 bp is inviable when transformed into the Rec+ 

E. coli strain. In addition, Leach and Stahl (1983) reported that λ-phage carrying a 3200 bp 

palindrome is inviable in Rec+ strain. However, the inviability of palindrome-containing λ-

phage is overcome in the recBC sbcB strains.  

 The instability and inviability of this palindrome sequence have been suggested to be 

dependent on DNA replication. Leach and Lindsey (1986) showed the loss of bacteriophage 

carrying a 530 bp palindromes in Rec+ and recA strain but not recBC sbcB in the lytic condition. 

However, this phenomenon was not observed in Rec+ host lysogenic for λ-phage. Hence, this 

suggested the correlation of DNA replication in causing the inviability of this palindrome 
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sequence. Shurvinton et al. (1987) also showed that λ-phage carrying palindrome of 8400∓100 

bp is viable in recBC sbcB strain of E. coli but not rec+ when DNA replication is active. Thus, 

they suggested that the activity of DNA replication leads to the formation of secondary structure 

from the palindrome sequence, which is the target of recBC and sbcB gene product. Lindsey 

and Leach (1989) found that λ-phage with a 571 bp of palindrome was able to be maintained in 

the recBCD+ and sbcB+ E. coli strain with subsequent DNA replication. They suggested that 

the ability for the maintenance of this palindrome-containing DNA is probably due to the 

reduced rate of replication. However, there are studies showed that recBC sbcB strain also 

carried the sbcC mutation (Llyod and Buckman, 1985) and suggested that sbcC may be 

important to determine the palindrome viability (Chalker et al., 1988). 

 

1.3 The hypothesized model mechanism regarding the viability of palindrome sequences  

Long palindrome has been shown to cause genome instability by inducing instability or 

inviability of palindrome sequence in a way dependent on the activity of DNA replication as 

suggested by the model mechanism shown in Diagram 2. It has been suggested that the deletion 

of palindrome sequence presumably due to the formation of hairpin structure could 

preferentially occur on the lagging strand (Trinh and Sinden 1991; Rosche et al., 1995; Pinder 

et al., 1998). In the concerted semi-discontinuous DNA replication, leading strand is 

synthesized continuously while lagging strand is synthesized discontinuously (Diagram 2B). It 

is suggested that during the discontinuous synthesis of lagging strand, the transiently exposed 

ssDNA on lagging strand template leads to the formation of hairpin structure (Diagram 2C).   

Studies have shown that long palindromes are not tolerated in the wild type E.coli but 

capable to be propagated in the sbcCD mutants (Leach and Stahl 1983; Chalker et al., 1988; 

Gibson et al., 1992). Connelly et al. (1988) reported that the purified SbcCD protein of E. coli 

can cleave a hairpin structure. Hence, it is suggested that the inviability of long palindrome is 

dependent on the SbcCD complex, probably due to the cleavage of the hairpin structure (Leach 
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et al., 1997) (Diagram 2D).  

Genetic evidence shown by Cromie et al. (2000) suggested that a 246 bp palindrome 

potentially forming a hairpin structure in ssDNA during DNA replication is a target for SbcCD 

nuclease. Cleavage of this hairpin structure could cause a DSB within this palindrome sequence 

which can be repaired by recombination. In addition, it was also suggested that hairpin cleavage 

occurs after replication through and beyond the palindrome. Later on, an in vivo physical 

analysis of the palindrome sequences on DNA revealed that a DSB was generated at the 

palindrome sequences in the E.coli and this process was dependent of DNA replication 

(Eykelenboom et al., 2008). Taken together with the genetic and physical evidences, they 

suggested a model in which a palindrome is the site for DSB formation and this cleavage occurs 

behind the replication fork (Diagram 2D).  
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Diagram 2 The hypothesized model mechanism of palindrome cleavage by SbcCD. (A) 

Presence of inverted repeats on the DNA sequences. (B) Semi-discontinuous DNA replication 

mechanism involved in the continuous synthesis of leading strand (red line with arrowhead) 

and discontinuous synthesis of lagging strand (Blue line with arrowhead). (C) During the 

discontinuous synthesis of lagging strand, inverted repeats adopt the hairpin structure on the 

transiently exposed ssDNA on lagging strand template. This hairpin is formed after the 

replication fork and does not affect the replication fork. (D) Presence of this hairpin structure 

is cleaved by the SbcCD complex. (E) Thus, this cleavage will result a double-stranded break 

at the palindrome sequence. In the diagram, thin black line indicates the DNA template. Thick 

black line with arrowhead represents the inverted repeats.  

A 

B 

C 

D 

E 

Presence of inverted repeats  

Leading strand template is synthesized 

continuously, while lagging strand 

template is synthesized discontinuously. 

Hairpin structure is formed on the 

transiently exposed ssDNA during lagging 

strand synthesis. It is suggested to form 

after the replication fork. 

This hairpin structure is cleaved by the 

presence of SbcCD compex. 

Cleavage of this hairpin structure by the 

SbcCD generates a DSB. 
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1.4 Thesis rationale  

As described above, the currently available model suggests that a hairpin structure is 

formed on the lagging strand template during DNA replication. Although the hairpin formation 

is hypothesized to be formed after the passage of replication fork it is predicted that polymerase 

on lagging strand must be affected. Numerous in vitro studies have shown that a variety of DNA 

polymerases, for instance DNA polymerase α (Weaver and DePamphilis 1982; Kaguni and 

Clayton 1982; Reckmann et al., 1985), Vaccinia DNA polymerase (Challberg and Englund 

1979), bacteriophage T4 DNA polymerase (Huang et al., 1981) as well as E. coli polymerase 

III (LaDuca et al., 1983) were arrested at specific nucleotide sequence on the single-stranded 

DNA template that potentially forming a secondary structure, particularly hairpin loops leading 

to the pausing of DNA polymerase.  

The resembles situation has been reported as previously shown in Higuchi et al. (2003), 

a DNA lesion located on lagging strand completely blocked the synthesis of Okazaki fragment 

extending toward the lesion site, but have not affected on the progression of the replication fork 

or leading strand synthesis. It is suggested that upon the lagging strand synthesis encounters the 

blocking lesion, the twin PolIII core catalysing the lagging strand DNA synthesis gets to recycle 

in the similar way as it is usually recycled during Okazaki Fragment synthesis. The unique 

characteristic of lagging strand type PolIII has been suggested by previous study (Maki & 

Kornberg 1988; Marians 1992; Li & Marians 2000) and thereby reduces the effect of lesion on 

lagging strand template to the concurrent DNA synthesis at the replication fork.  

Mirkin’s group (Voineage et al., 2008) has reported that replication forks are stalled at the 

inverted repeats in bacteria, yeast and mammalian cells. In contrast to that, the model suggested 

by Leach’s group (Eykelenboom et al., 2008) as showed in diagram 2 suggested that an inverted 

repeat does not cause the collapse of replication; instead, the cleavage of hairpin structure 

formed from the inverted repeats by the SbcCD happened after passage of a replication fork. 
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With this observation, we couldn’t explain how inverted repeats can caused the pausing of 

replication fork in the result observed in Mirkin’s group. In addition the detail of biochemical 

mechanism regarding the progression of replication fork when encountering the inverted 

repeats is yet still unavailable. 

In view of this controversy, I would like to know how DNA replication machinery will 

behave when the replication fork encounters the inverted repeats. Using the in vitro oriC DNA 

replication, I would like to find out (Diagram 3): (i) is hairpin structure formed on lagging 

strand template, and (ii) can DNA replication fork stall when it encounters the inverted repeats. 

With this in depth biochemical study, it will enable the understanding of the mechanism how 

inverted repeats can cause genetic instability dependent on DNA replication. 
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Diagram 3 The objectives of this study. (A) DNA sequence with the presence of inverted 

repeats. (B) During the semi-discontinuous DNA replication, leading strand is synthesized 

continuously (red line with arrowhead) and lagging strand is synthesized discontinuously 

producing small DNA fragment, Okazaki fragment (blue line with arrowhead). (C) Inverted 

repeats potentially forming hairpin structure is suggested to form on the transiently exposed 

ssDNA on lagging strand template and blocked Okazaki fragment synthesis. It is suggested that 

hairpin is formed on lagging strand after replication fork has passed through whole inverted 

repeats. Thin black line indicates the DNA template. Thick black line with arrowhead indicated 

the inverted repeats. 

 

 

 

 

 

 

 

 

A 

B 

C 

Can replication fork stall when it 

encounters the inverted repeats? 

Is hairpin structure formed 

during DNA replication? 
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Chapter 2 

 

Materials and Methods 

 

2.1 Materials 

2.1.1 Chemicals, reagents and enzyme 

Chemical reagents used in this study were obtained from Sigma and Wako. Restriction enzymes 

and T7 endonuclease were from New England Biolabs. T4 polynucleotide kinase was from 

TOYOBO. In Fusion cloning kit was from Clontech. 

 

2.1.2 E. coli strains (Table 2) 

E. coli W3110 tus::Km used to maintain the terB containing oriC plasmid (pMOL7) was 

prepared as previously described (Hidaka et al., 1988). MK9200 with sbcC deletion was 

constructed with P1-mediated transduction of tus::Km from W3110 into DL 494 JM83 sbcC201 

phoR::Tn10. This strain was used for the maintenance of palindrome-containing oriC plasmid. 

DL2774 JM83 sbcC::Km/ pLacD1-Pal246 is E. coli strain carrying pLacD1 which is the 

parental plasmid carrying the 246 bp palindrome sequence. 

 P1 Transduction 

Long DNA palindromes capable to form hairpin or cruciform structure are not tolerated in 

wild type E. coli (Leach 1994). Previous studies have shown that this problem can be overcome 

in sbcC or sbcD mutants (Chalker et al., 1988; Gibson et al., 1992). To stably maintain the 246 

bp palindrome-containing oriC plasmid, E. coli strain with sbcC mutant was constructed using 

the P1 transduction. 

In brief, an overnight culture of the donor strain (W3110 tus::Km) was sub-cultured in 5 

ml LB broth-5 mM CaCl2. P1 virus (MK811) was added to 1 ml of the donor strain subculture 

and incubated in 37 °C water bath for 20 min. Then 2.5 ml of R-top agar was added to this 

culture and plated on R-plates. These plates were incubated for 8 h at 37 °C. The layer of soft 
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agar was then scraped into a small centrifuge tube following by adding 5 drops of chloroform. 

The mixture was vortex vigorously and centrifuged with 9000 rpm at 4 °C for 20 min. The 

supernatant containing the P1 lysate carrying the tus::Km was transferred to new tube and 1-2 

drops of chloroform was added before storage at 4 °C. This P1 lysate is ready for transduction.  

For transduction, an overnight culture of recipient strain (DL494 JM83 SbcC201 

PhoR::Tn10) was inoculated to fresh LB medium and grew with shaking at 37 °C until the OD 

0.9-1.0. Then, 1 ml of this fresh culture was spun down with 3000 rpm at room temperature for 

5 min. Next, the cell pellet was suspended with 1 ml of MC buffer. P1 lysate which prepared 

previously was added to this suspension cells and mix well. The cell mixture was incubated at 

37 °C for 20 min. At this point, 200 μl of 1 M Sodium citrate was added to the cell mixture. 

Lastly this cell mixture was plate on LB plate with kanamycin selection. 

 

2.1.3 Plasmid (Table 3) 

The oriC-terB plasmid, pMOL7 was prepared as previously described (Higuchi et al., 

2003). This plasmid was used as a vector for the construction of oriC-terB palindrome-

containing plasmid. pLacD1 is the parental plasmid carrying the 111 bp inverted repeats 

separated by a 24 bp spacer. pMD-20T is the plasmid containing the 141 bp nucleotide sequence 

synthesized by the company which used to replace one of the palindrome sequence in the oriC-

terB palindrome-containing plasmid for the preparation of palindrome-free control plasmid.  
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Table 2 List of E. coli strains 

Strain Genotype Source or 

reference 

Brief description 

W3110 tus::Km  LAM¯, in(rrnD-rrnE)1, 

rph-1, r+m+, Tus::kmr 

 Host for the 

maintenance of terB 

containing plasmid 

W3110 tus::Km/ 

pMOL7  

 

 Higuchi et al. 

(2003) 

E. coli strain 

containing the oriC 

plasmid, pMOL7 

DL494 JM83 sbcC201 

phoR::Tn10  

 

F– ara Δ(lac-proAB) 

rpsL (Strr)[φ80 

dlacΔ(lacZ)M15] thi 

Dr. David 

Leach 

E. coli strain with the  

SbcC mutation 

DL2774 JM83 

sbcC::Km/ pLacD1-

Pal246  

 

 Dr. David 

Leach 

 

Host for the 

maintenance of 

pLacD1 plasmid 

containing the 246 bp 

palindrome sequence 

MK9200 sbcC201 

phoR::Tn10 tus::Km  

 

 This work Host for the 

maintenance of 246 bp 

palindrome-containing 

oriC-terB plasmid  

 

 

Table 3 List of plasmids 

Plasmid Brief description Source or reference 

pMOL7 oriC-terB plasmid Higuchi et al. (2003) 

pLacD1 Parental plasmid containing the 

246 bp palindrome sequence 

  Dr. David Leach 

pIR246 oriC plasmid containing the 246 

bp palindrome sequence 

This work 

pCNS Palindrome-free oriC plasmid This work 

pMD-20T Plasmid containing 141 bp of the 

synthesized sequence 

TAKARA 
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2.1.4 Oligonucleotide DNA 

 PCR primers (Table 4) 

PCR reaction was carried out using the Gene Amp PCR system 2400 (PE Applied 

Biosystems). Polymerases used for the PCR reaction were ExTaq Polymerase (Takara) and 

KOD-Plus Polymerase (Takara). PCR primers as listed in Table 4 were designed to amplify the 

vector plasmid, the palindrome sequence and the oligonucleotide sequence for preparation of 

control plasmid.  

The PCR reaction conditions used for the amplification of 246 bp palindrome sequence 

were: 25 cycles of 30 sec at 96 °C, 30 sec at 60 °C, 30 sec at 72 °C with an initial denaturation 

step at 96 °C for 4 min and a final extension step at 72 °C for 5min. The PCR reaction conditions 

used for the amplification of vector plasmid, pMOL7 was the same as above except with longer 

elongation time: 4 min at 72 °C. 

For the construction of palindrome-free control plasmid, pCNS, PCR reactions used to 

amplify the oligonucleotide sequence were: 30 cycles of 30 sec at 96 °C, 30 sec at 57.4 °C, 15 

sec at 72 °C with an initial denaturation step at 96 °C for 4 min and a final extension step at 

72 °C for 3min. While the PCR reaction conditions for the amplification of vector plasmid, 

pIR246, were: 30 cycles of 15 sec at 94 °C, 30 sec at 56.4 °C, 5 min at 68 °C with an initial 

denaturation step at 94 °C for 2 min and a final extension step at 68°C for 5min. 
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Table 4 List of primers 

Name Sequence 

• To amplify pMOL7 Vector 

pMOL7_IFC2_For 5' AGCTTATGCATTTCTTTCCAGA 3' 

pMOL7_IFC2_Rev 5' TCTCAATCGATAACCTTATTTTTG 3' 

  

• To amplify 246 bp palindrome sequence from pLacD1 

Pal246_IFC_S_For 5' GGTTATCGATTGAGACACACAGGAAACAGCTATGA 

3' 

Pal246_IFC_S_Rev 5' AGAAATGCATAAGCTCAGTCACGACGTTGTAAAAC 3' 

  

• To amplify pIR246 vector 

pIR246_V_For 5’ CGTCTTCGTCGTTTTACAACGT 3’ 

pIR246_V_Rev 5’ ATCAGCCTCATTTCTAAATATGAA 3’ 

  

• To amplify synthesized sequence from pMD-20T to prepare pCNS 

Reshuffled IR_Nsi_For 5’ AGAAATGAGGCTGATACTAGTAAC 3’ 

Reshuffled IR_Nsi_Rev 5’ AAAACGACGAAGACGATAAGAATG 3’ 

  

• To check for positive clone 

Pal246pMOL7_CS_For 5' TCACCGAGGCAGTTCCAT 3' 

Pal246pMOL7_CS_Rev 5' GGTTTGGTTGATGCGAGTG 3' 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



19 

 

 Synthesized oligonucleotides sequence used for the construction of palindrome-free 

control plasmid, pCNS (Table 5A) 

A total of 141 bp double stranded DNA was synthesized by the company (TAKARA). 

This oligonucleotide was used to replace one arm of the palindrome sequence in pIR246 in 

order to construct the palindrome-free control plasmid. The sequence for this oligonucleotide 

is shown in Table 5A. 

 

 Probes used for the Southern blot hybridization (Table 5B) 

Southern blot hybridization probes used for the analysis of leading and lagging strand 

synthesis in alkaline agarose gel and sequencing gel were designed as listed in Table 5B. Probe 

Lead B and H were designed for the analysis of leading strand replication product. Probe Lead 

B was designed located approximately 437 bp upstream of the palindrome sequence and was 

used for the analysis of alkaline agarose gel Southern blotting. Probe Lead H which was used 

in the sequencing gel Southern blotting was located approximately 34 bp upstream of the 

palindrome sequence. These probes enable the determination of leading strand paused product 

within the palindrome sequence. Probe Lag A’ was designed for the analysis of lagging strand 

replication product. It was located approximately 25 bp upstream of the palindrome sequence 

on lagging strand template and was used for the sequencing gel Southern blot analysis. 
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Table 5 List of oligonucleotide 

 

A. Oligonucleotide DNA used in the construction of palindrome-free control plasmid, pCNS 

5’AGAAATGAGGCTGATACTAGTAACGGTATCTCTCACGAATAATGCGTACTTA

TACACTAGTATAATACTAGTCATTATCTATAGGTCTGTTCTATGATATAACTACT

GTCTTCTTAGCATTCTTATCGTCTTCGTCGTTTT 3’ 

 

B. Probe used for Southern hybridization 

Name Sequence Location 

B 5’ CGCATCGGGCTTCCCATACAATCGATCTTGGTCTG 3’ 3387-3421 

H 5’ TATGCATTTCTTTCCAGACTTGTTCAAC 3’ 2883-2911 

A’ 5’ GTGTGTCTCAATCGATAACCTTATTTTTGACGAGG 3’ 2643- 2678 

 

 

 

2.1.5 Proteins  

DnaA (300 ng/μl), GyrA (920 ng/μl), GyrB (460 ng/μl), HU (270 ng/μl) are gift from Prof. 

Katayama in Kyushu University. Tus (280 ng/μl) is given by Prof. Hidaka in National Institute 

for Basic Biology. SSB (570 ng/μl), β-clamp subunit (400 ng/μl), Pol III* Fraction IV (80 

units/μl), DnaB (980 ng/μl), DnaC (333 ng/μl), DnaG (980 ng/μl) were previously prepared in 

our laboratory. In the case of SSB titration experiment and the analysis of the effect of DNA 

gyrase, Calmodulin-binding protein-tagged HolD pol III* (12.8 units/μl) was used. It was 

prepared by Dr. Furukohri as described previously (Butland et al., 2005). 
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2.2 Methods 

2.2.1 Construction of plasmid using the In Fusion cloning method 

 oriC-terB palindrome containing plasmid, pIR246 

An oriC-terB plasmid containing the 111 bp inverted repeats separated by a 24 bp spacer 

was constructed by PCR and In-Fusion cloning method as illustrated in Diagram 4. 

pMOL7/W3110 tus::Km and pLacD1 PAL246/ DL2774 JM83 sbcC::Km were grown for 24 h 

at 30 °C in LB media containing 50 μg/ml Ampicilin and 20 μg/ml Chloramphenicol, 

respectively. These bacterial cultures were collected and plasmids were purified using the 

QIAGEN Midi prep kit (QIAGEN).  

In-FusionTM Advantage PCR cloning Kit (Clontech) was used for the construction of 

palindrome-containing plasmid. This method is designed to join DNA fragments that have 15 

bases of homology at their ends. To do so, PCR amplification was carried out to amplify the 

vector plasmid, pMOL7. PCR primer used to amplify the 246 bp palindrome sequence from the 

pLacD1 was designed that share 15 bases of homology with the sequence at the ends of the 

amplified linearized cloning vector, pMOL7. In-Fusion cloning reaction was set up by mixing 

the amplified vector, pMOL7, amplified 246 bp palindrome sequence, 1× In-Fusion reaction 

buffer and In-Fusion Enzyme in a 10 μl reaction. This reaction mixture was incubated for 15 

min at 37 °C, followed by 15 min incubation at 50 °C, and then placed on ice. This was 

transformed into MK9200 by heat-shock transformation and grown at 30 °C in LB plate 

containing 50 μg/ml Ampicilin for the selection of positive clone. The oriC-terB palindrome-

containing plasmid is named pIR246. 
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Diagram 4 Schematic diagram showed the construction of pIR246. A pair of PCR primer, 

P1 and P2 was used to amplify the vector plasmid, pMOL7. P’1 and P’2 with 15 bases of 

homology (as indicated in red) to the 5’ end of the linearized vector plasmid, pMOL7 were 

used to amplify the 246 bp palindrome sequence from pLacD1. These two amplified products 

were combined by recognizing the 15 bp homology at their ends. The palindrome-containing 

oriC-terB plasmid is named, pIR246.  
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 oriC-terB palindrome-free plasmid, pCNS 

An oriC-terB palindrome-free control plasmid was constructed by replacing one arm of 

the palindrome sequence in pIR246 with the synthesized oligonucleotide ordered from the 

company as illustrated in diagram 5. In-Fusion® HD Cloning kits (Clontech) was used for the 

construction of oriC-terB palindrome-free control plasmid due to the discontinuation 

production of In-FusionTM Advantage PCR cloning Kit. The principle for both of these kits is 

similar except with slight modification in method which mention below. PCR amplification was 

carried out to amplify the vector plasmid, pIR246 as well as the synthesized oligonucleotide. 

In-Fusion cloning reaction was set up by mixing the amplified vector, pIR246, and amplified 

oligonucleotide sequence, 1× In-Fusion reaction buffer and In-Fusion Enzyme in a 10 μl 

reaction. This reaction mixture was incubated for 15 min incubation at 50 °C, and then placed 

on ice. Prior to transformation, this In-Fusion cloning reaction was diluted. Then, it was 

transformed into MK9200 using heat-shock transformation and grown at 30 °C in LB plate 

containing 50 μg/ml Ampicilin for the selection of positive clone. The oriC-terB palindrome-

free control plasmid is named pCNS. 
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Diagram 5 Schematic diagram showed the construction of pCNS. PCR primer, P1 and P2 

were used to amplify the vector plasmid, pIR246. P’1 and P’2 with 15 bases of homology (as 

indicated in red) to the 5’ end of vector plasmid, pIR246 were used to amplify the synthesized 

oligonucleotide from pMD-20T. These two amplified products were combined by recognizing 

the 15 bp homology at their ends. The palindrome-free oriC-terB plasmid is named, pCNS. 
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2.2.2 Preparation of cruciform-free pIR246 with Triton-lysis method 

 Triton-lysis method (Kurahashi et al., 2004) 

Plasmid DNA was isolated with a non-denaturing method, Triton-lysis method. In brief, 

E. coli cells from 500 ml of overnight culture were dissolved with 100 ml of lysis buffer 

containing 50 mM Tris-HCl (pH7.5), 5 % sucrose, 1.5 mg/ml lysozyme, 0.1 M EDTA, 25 

mg/ml RNase and 0.75 % Triton X-100. The cell lysate was then purified with the ion-exchange 

column (QIAGEN) following the manufacture manual. Plasmid DNA was then precipitated 

with 2-propanol. The plasmid DNA pellet was dissolved with TE (pH8) and stored at -80 °C 

until used in an experiment. All of the procedures were performed at 4 °C in a cold room to 

avoid spontaneous cruciform formation during the procedure. 

 

 Cruciform extrusion assay 

To induce the formation of cruciform structure, Triton-extracted pIR246 and pCNS (100 

ng/μl) were incubated in buffer containing 50 mM Tris-HCl (pH7.9), 10 mM MgCl2 and 100 

mM NaCl at different temperatures for 20 min. The range of temperatures used was 25, 30, 37, 

50, 65, 80 and 95 ºC. The heat-treated plasmids were quickly put on ice after the incubation. 

The heat-treated plasmids DNA were electrophoresis at 50 V for 1.5 h in a 1 % TBE agarose 

gel. The electrophoresis was carried out at 4 °C. pCNS was used as control for comparison. 

  

 T7 endonuclease digestion 

To confirm the Triton-extracted pIR246 is cruciform free, T7 endonuclease I that can 

recognize and cleave the four-way junction of cruciform structure was used. Both Triton-

extracted and heat-treated plasmid DNA, pIR246 and pCNS respectively (100 ng/μl) were 

treated with T7 endonuclease I (1 units) in 20 μl of NEB buffer 3 for 5 min at room temperature. 

After digestion, the plasmid DNA was subjected to 1 % TBE agarose gel for 1.5 h. The 

electrophoresis was carried out at 4 °C. 
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2.2.3 In vitro oriC plasmid DNA replication assay 

The oriC plasmid used in this study carry the E. coli origin of replication which mimic 

the chromosomal replication by formation of two replication forks. Using this oriC plasmid, an 

in vitro oriC replication system was reconstituted with the replicative proteins involved in DNA 

replication in E. coli.  

The reaction mixture (15 μl) contained 40 mM HEPES-KOH (pH 7.6), 10 mM 

magnesium acetate, 0.1 mg/mL BSA, 10 mM DTT, 2 mM ATP, 1 mM GTP, 1 mM CTP, 1 mM 

UTP, 100 μM of each deoxynucleosidetriphosphate, 4 mM creatine phosphate, 40 μg/mL 

creatine kinase, 50 μM NAD, 120 ng of the template DNA, DnaA (60 ng), DnaB (90 ng), DnaC 

(55.2 ng), DnaG (97.2 ng), DNA gyrase A subunit (108 ng), DNA gyrase B subunit (216 ng), 

HU (5.1 ng), SSB (174 ng), Tus (67.2 ng), DNA polymerase III* (14.4 U), β-clamp (30 ng). 

The reaction mixtures were assembled at 4 °C in the absence of DnaA. The reaction was 

initiated by the addition of DnaA protein and incubated at 30 °C for 15 min. The reaction was 

stopped by adding 15 μl 50 mM EDTA and 0.15 % SDS. The replication products were 

incubated with 0.15 % SDS and 100 μg of Proteinase K for 30 min at 55 °C in order to remove 

the protein. Then, these replication products were purified with phenol/chloroform, and 

precipitated with ethanol. In the case of SSB titration experiment (result showed in 3.2.2), the 

amount of SSB added was 0, 17.4, 58, 174, and 696 ng. Whereas the amount of Gyrase A/B 

used in the gyrase titration experiment (result showed in 3.3.1) was 0/0, 54/108, 108/216, 

216/432, 432/864 and 540/1080 ng, respectively. To observe the DNA replication, the 

replication product was radiolabelled by the addition of 1 μCi [α-32P]-dATP (800 μCi/mmol, 

Perkin Elmer) to the reaction. Replication products analysed by Southern blot was carried out 

in the absence of radioisotopes. The nucleotide incorporation was measured by scintillation 

counter after precipitation with trichloroacetate and filtration on to Whatman GF/C glass-fibre 

filters 
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2.2.4 Analysis by Alkaline agarose gel electrophoresis 

Alkaline agarose gel performs at high pH which causes the denaturation of double-

stranded DNA by breaking the hydrogen bonds. This denatured DNA is maintained as single-

stranded DNA and migrates through the gel according to its size. Replication products obtained 

after in vitro oriC replication assay were run on the alkaline agarose gel. This method allows 

the analysis of leading and lagging strand replication product. Replication products were treated 

with Proteinase K as described in 2.2.3 to remove the proteins before applying to the alkaline 

agarose gel. The replication products were suspended in a sample buffer containing 30 mM 

NaOH, 30 mM EDTA, 10 % sucrose and 0.1 % bromocresol green and resolved by 

electrophoresis in a 0.9 % agarose gel at 3.6 V/cm for 4 h in an electrophoresis buffer of 30 

mM NaOH and 1 mM EDTA. EcoT14I digested bacteriophage λ DNA was 5′-end labelled with 

[γ-32P]-ATP using the T4 polynucleotide kinase and was used as a size markers. At the end of 

the electrophoresis, the DNA was fixed in the gel with 7 % trichloroacetic acid and dried under 

vacuum on the DE81 paper (Whatman), and autoradiographed with a BAS2500 Bio Image 

Analyser (Fuji Film).  

 

2.2.5 Analysis by sequencing gel electrophoresis 

For the sequencing gel electrophoresis analysis, replication products obtained after in 

vitro oriC replication assay were digested with NsiI (3 units) and AseI (3 units) in 40 ml of NEB 

buffer 3 for 2 h at 37 ºC. The digested replication products were purified with 

phenol/chloroform and followed by ethanol precipitation. The DNA was resuspended in a 

sample buffer containing 98 % formamide, 10 mM EDTA, 0.05 % bromophenol blue, and 

0.05 % xylene cianol and separated by electrophoresis in an 8 % polyacrylamide sequencing 

gel (8M urea, 6.3M Formamide, TBE buffer) (Ausubel et al., 1994) at 35 W for 1.5 h. The NsiI/ 

AseI digested template pIR246 and pCNS comprise of 348 and 357 mer oligo DNAs were 5′-

end labelled with 32P and used as size markers. BAS 2500 Bio Image Analyser was used to 
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visualize the resolved patterns of product DNA. 

 

2.2.6 Southern blot analysis 

DNA replication was carried out in the absence of radio-labelled nucleotides. For alkaline 

agarose gel Southern blotting, the replication products were digested with BglI (3 units) in 40 

μl of NEB buffer 3 for 2 h at 37 ºC. The digested product DNAs were subjected to alkaline 

agarose gel electrophoresis as described above. Then this replication products were transferred 

onto a Hybond N+ membrane (Amersham Biosciences) by the capillary method with 10× SSC 

buffer as previously described (Ausubel et al. 1994). In case of the sequencing gel southern 

blotting, replication products were digested in 40 μl reaction volume containing with MscI (3 

units), AseI (3 units) and 1× NEB buffer 3. These digested products were applied to the 

sequence gel electrophoresis as described above and transferred on to a Hybond N+ membrane 

using the TE 90 GeneSweepTm Sequencing Gel Transfer Unit (Hoefer Scientific Instruments).  

After transferring, the membrane was exposed to 120 mJ UV. This was incubated at 55 °C 

for 2 h in a buffer containing 5× Denhalts’ reagent, 6× SSC, 0.5 % SDS and 100 μg/mL of 

Salmon sperm testes DNA. After 2 h of incubation, 32P-labelled oligomer DNA probe with 

approximately 2 x 106 CPM value were added and continue to incubate in the same buffer at 

55 °C for 12 h. The membrane was washed four-times with a buffer (0.1× SSC, 0.1 % SDS) 

and autoradiographed with a BAS2500 Bio Image Analyser. Quantitative analysis of the 

autoradiogram was carried out using Image Gauge ver. 3.3 (Fuji Film). The probes used are 

listed in Table 5B. 
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Chapter 3 

 

Results 

 

3.1 Construction and preparation of cruciform free oriC-terB palindrome-containing 

plasmid, pIR246 

In order to examine the effect of palindrome sequence during the concurrent synthesis of 

leading and lagging strand, an oriC plasmid carrying the palindrome sequence was constructed. 

pMOL7, an oriC plasmid carrying the chromosomal replication origin of E.coli, which was 

previously constructed by Higuchi et al. (2003) was used as a vector for the construction of 

palindrome-containing oriC plasmid. A 246 bp palindrome sequence containing the 111 bp 

inverted repeat separated by a 24 bp spacer was previously isolated from lambda SKK43 DNA 

(Kulkarni, 1990). This 246 bp palindrome sequence inserted in pLacD1 (Eykelenboom et al., 

2008) was given by Dr. David Leach.  

The palindrome-containing oriC plasmid was prepared by inserting the 246 bp 

palindrome sequence between the restriction sites, NsiI and ClaI in the pMOL7. This 

palindrome-containing oriC plasmid is named pIR246 (Diagram 6A). In addition, a 

palindrome-free control plasmid was constructed by replacing one arm of the 246 bp 

palindrome in pIR246 with the synthesized oligonucleotide. This palindrome-free control 

plasmid is named pCNS (Diagram 6B). 

Previous study suggested that long palindrome DNA was not able to maintain in wild type 

E. coli (Collins 1981; Hagen and Warren 1982; Leach and Stahl 1983; Sinden et al. 1991). 

However, it is stably maintained in sbcCD mutant E. coli strain (Leach 1994). Thus, I 

introduced pIR246 as well as pCNS into the E. coli strain with sbcC mutation for the 

maintenance of these plasmids. Sequencing the plasmid DNAs, confirmed that the full length 

246 bp palindrome sequence was successfully inserted into the oriC plasmid and that the 
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palindrome-free control plasmid, pCNS was successfully constructed. 

 

 

 

Diagram 6 Schematic diagram of oriC plasmid used in this study. (A) Palindrome-containing 

oriC plasmid named pIR246 was constructed in this study. This plasmid was constructed by 

cloning a 246 bp palindrome containing 111 bp inverted repeats separated by a 24 bp spacer 

into pMOL7, an oriC plasmid carrying the chromosomal replication origin of E .coli. (B) 

Palindrome-free control plasmid was constructed by replacing one arms of the palindrome 

sequence. This palindrome-free control plasmid is named pCNS. 
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3.1.1Triton-lysis method for the extraction of plasmid 

Alkaline lysis method (denaturing method) is one of the most common methods used for 

the preparation of plasmid. However, this method involves the procedures of denaturation and 

reannealing of DNA strand. Therefore, this method has the possibility causing the formation of 

cruciform structure from the palindrome sequence. Kurahashi et al. (2004) showed that 

PATRR-containing plasmid (palindromic AT-rich repeats) exhibited cruciform extrusion when 

prepared with alkaline lysis method. However, PATRR-plasmids did not demonstrate 

cruciform extrusion when prepared by the Triton-lysis method which is a non-denaturing 

method.  

In my study, I would like to investigate the behaviors of palindrome sequence during 

DNA replication. Therefore, it is very crucial to have a cruciform-free palindrome-containing 

plasmid in this study. Thus, Triton-lysis method was used for the preparation of cruciform-free 

pIR246 plasmid. In this method, cells were partially lysed to allow the plasmid molecules to 

escape, while the genomic DNA still trapped in the cell debris. The plasmid DNA was then 

recovered by isoprapanol precipitation. Figure 1 showed the image for the standard agarose gel 

electrophoresis of the Triton-extracted pCNS (lane 8) and pIR246 (lane 16), respectively. From 

the agarose gel result, it was observed that the Triton-extracted plasmids were separated into 

mainly two bands. The fastest migrating band represents the supercoiled DNA. While slow 

migrating bands may represent the open circular DNA.  

 

3.1.2 Effect of heat on the formation of cruciform structure on pIR246 

Palindrome sequence has the potential to transform from a lineform to a cruciform 

structure in double helix DNA. The extrusion of cruciform structure is initiated with the melting 

of DNA base pairs at the center of symmetry of a palindrome sequence forming the open regions 

on the loops. Subsequently, the unwinding of complementary strands allow the intrastrand base 
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pairing of the self-complementary sequence and make the existence of cruciform structure 

(Sinden 1994).  

The extrusion of cruciform structure is a process driven by energy. This energy is needed 

to melt the center of palindrome sequence for further intrastrand base pairing to form the 

cruciform structure. The energy required to extrude the cruciform structure is originated from 

the negative DNA supercoiling. However the formation of cruciform structure is energetically 

unfavored in a relaxed DNA molecule (Lilley, 1980; Panayotatos and Wells, 1981; Mizuuchi et 

al., 1982).  

Several factors are suggested to involve in the extrusion of cruciform structure, for 

instance, the base composition, temperature and salt (Sinden 1994). Since the preparation of 

palindrome-containing oriC pIR246 was succeeded, I then examined at what condition favor 

the extrusion of cruciform structure. In the current study, the base composition of the 246 bp 

palindrome sequences is fixed, thus I had examined the effect of temperature in affecting the 

extrusion of cruciform structure. Figure 1 showed the image for the agarose gel electrophoresis. 

Triton-extracted pCNS and pIR246 were mainly in a supercoiled form as shown in lane 8 and 

16, respectively. These plasmids were incubated at different temperature for 20 min in the buffer 

containing 50 mM Tris-HCl (pH7.9), 10 mM MgCl2 and 100 mM NaCl. It was observed that 

Triton-extracted pIR246 remained mostly as supercoiled structure after the incubation at room 

temperature till 50 °C (lane 9-12). However, mobility retardation of this supercoiled pIR246 

was detected when incubated at higher temperature ranged from 65- 95 °C (lane 13-15). For 

negatively supercoiled DNA, a reduces in the twisting number would change the degree of 

supercoiling that consequently cause a reduction in electrophoretic mobility. Transition of 

palindrome sequence to cruciform structure involves unpairing of the complementary and 

consequently reduces the interstrand twist number. Thus, a character of laddering exhibited by 

this heat-treated pIR246 may reflect the various linking numbers of the plasmids. In contrast to 
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that, no mobility retardation was detected in the case of palindrome-free control plasmid, pCNS 

after incubation at various temperatures (Lane 1-7).  

From this observation, it is suggested that the laddering bands observed in pIR246 is a 

result of a transition from a lineform palindrome sequence to a cruciform conformation. Apart 

from that, the formation of cruciform is found more prominent at higher temperature. 

 

 

 

 

 

 

 

 

 

Figure 1 Effect of temperature on the formation of cruciform in pIR246. Triton-extracted 

pIR246 and pCNS were incubated in buffer (50 mM Tris-EDTA pH 7.9, 100 mM NaCl, 10 mM 

MgCl2) at different temperature ranging from 25 to 95 ºC. Gel images showed the effect of 

temperature on pCNS (lane 1-7) and pIR246 (lane 9-15). Lane 8 and 16 showed the Triton-

extracted pCNS and pIR246 which occurred mainly as supercoiled plasmid, respectively. A 

character of laddering indicated with the black bracket was observed in pIR246 after incubation 

in buffer at higher temperature (lane 13-15). No character of laddering was observed for pCNS 

across the different temperature (lane 1-7).  
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3.1.3 Triton-extracted pIR246 is cruciform free 

A cruciform structure consists of three components: the loops, the stems, and the four-

way junction. This cruciform structure is known as putative substrates for several structure-

specific nucleases. S1 or P1 nucleases are single-strand-specific nucleases that cleave the bases 

of loop regions (Lilley 1980; Haniford and Pulleyblank 1985). Whereas, the branched junction 

of cruciform DNA has been known as a substrate for the endonucleolytic activity of T4 

endonuclease VI1 (Mizuuchi et al., 1982; Lilley and Kemper 1984) and T7 endonuclease I 

(Dickie et al., 1987; de Massey et al., 1987). To confirm the absence of cruciform structure in 

the Triton-extracted preparation of pIR246, their sensitivity to T7 endonuclease was examined. 

T7 endonuclease is capable to recognize the branched molecule and introduce a pair of nicks 

near to the base of the cruciform structure which subsequently cause the linearization of the 

template DNA (De´clais et al., 2003). If the cruciform structure formed by 246 bp palindrome 

sequence is digested by the nuclease, the pIR246 plasmid DNA will become linearized (Figure 

2A). 

Triton-extracted and heat-treated pIR246 were digested with T7 endonuclease I and 

analysed by agarose gel electrophoresis (Figure 2B). Lane 1 and 2 were Triton-extracted 

pIR246 and pCNS, respectively, which occurred mainly as supercoiled plasmid. Lane 3 and 4 

showed the heat-treated pIR246 and pCNS, respectively. Heat-treated pIR246 showed a 

character of laddering while heat-treated pCNS remained as supercoiled plasmid. The size of 

the linearized pIR246 and pCNS were approximately 4.7 kb after the digestion with restriction 

enzyme, NsiI, as shown in lane 9 and 10, respectively. When the heat-treated pIR246 (lane 3) 

was treated with T7 endonuclease I, a major product was the linearized DNA with 

approximately 4.7 kb (lane 5). In contrast, only a small amount of digested product was detected 

in heat-treated palindrome-free pCNS digested with T7 endonuclease I (lane 6). This result 

convincingly demonstrates that the mobility retardation for heat-treated pIR246 observed in 

Figure 1 correlates to the existence of a cruciform structure.  



35 

 

The Triton-extracted pIR246 was shown resistant to T7 endonuclease (lane 7). The T7 

endonuclease treated Triton-extracted pIR246 remained mainly as supercoiled DNA as well as 

the Triton-extracted pCNS (lane 8). However, there was a small amount of linearized product 

was detected on Triton-extracted pIR246 and pCNS. This linearized product is probably due to 

the non-specific digestion of T7 endonuclease. Taken together with this, I concluded that 

pIR246 prepared with Triton-extraction method is free from cruciform structure. 

In order to examine the behaviours of palindrome sequence during DNA replication, 

having a cruciform-free palindrome-containing plasmid is very crucial in my study. Using the 

Triton-lysis method, a supercoiled palindrome-containing pIR246 is obtained. This palindrome-

containing pIR246 is capable to form cruciform structure and this formation is temperature 

sensitive. It is found that the formation of cruciform structure is most efficient with higher 

temperature. Most importantly, palindrome-containing pIR246 prepared using the Triton-lysis 

method is shown resistant to T7 endonuclease. Hence, this result convincingly confirms that 

Triton-extracted pIR246 is cruciform free. 

 

 

 

 

 

 

 

 

 

 

 

 



36 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2 Triton-extracted pIR246 is cruciform free. (A) Schematic representation of T7 

endonuclease digestion. If the 246 bp palindrome sequence adopts the cruciform structure, it 

will be cut into two fragments by a diagonal cleavage with T7 endonuclease. (B) Triton-lysis 

method was used to extract pIR246 and pCNS. Lane 1- 2 showed the supercoiled plasmid of 

Triton-extracted pIR246 and pCNS. Lane 3 showed the electrophoresis mobility shift caused 

by cruciform extrusion in heat-treated palindrome-containing plasmid, pIR246. Heat-treated 

pCNS remained as supercoiled plasmid (lane 4). Lane 5 showed that heat-treated pIR246 was 

linearized by T7 endonuculease I, while the heat-treated pCNS (lane 6) remained as supercoiled 

structure after T7 endonuclease I digestion. Lane 7 showed that Triton-extracted pIR246 and 

pCNS (lane 8) was resistant to T7 endonuclease I digestion. Lane 9-10 showed the single 

restriction digestion by NsiI on pIR246 and pCNS, respectively. L and SC represent linearized 

and supercoiled plasmid, respectively. 
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3.2 Analysis of product DNA synthesized in oriC DNA replication in vitro with a standard 

condition. 

In E. coli, chromosomal DNA replication initiates at the origin of replication, oriC. From 

the oriC region, DNA replication proceeds bidirectionally around the circular chromosome and 

ends in the terminus region nearly diametrically opposite to the oriC region (Prescott and 

Kuempel 1972; Bird et al., 1972). Reconstitution of in vitro oriC replication has become 

possible by having the oriC-containing plasmids (Yasuda and Hirota 1977; Oka et al., 1980) 

and the development of a soluble enzyme system (Fuller et al., 1981). Later on this crude 

soluble enzyme system was replaced by the purified replicative proteins for reconstitution of in 

vitro oriC replication (Kaguni and Kornberg 1984). This system is characterized by its ability 

for bidirectional replication from the oriC region as well as the concurrent synthesis of leading 

and lagging strand DNA (Kaguni et al., 1982; Hiasa and Marians 1994, 1999). 

It is the first time that Higuchi et al (2003) converted the bidirectional in vitro oriC 

plasmid replication system into a semi-bidirectional replication system by introducing the terB 

sequence into the oriC-containing plasmid. When Tus protein binds to the terB sequence, 

replication fork moving clockwise is blocked. While the counter-clockwise replication fork 

continues on with replication until it is terminated at the terB sequence. This semi-bidirectional 

replication system is very useful to permit the tracing of replication fork that move in a 

particular direction from the oriC sequence. Having this established semi-bidirectional 

replication system, I examined the effects of 246 bp palindrome sequence on the progression 

of replication fork. 
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3.2.1 Alkaline agarose gel and sequencing gel analysis 

Having confirmed that Triton-extracted pIR246 is cruciform-free, in vitro oriC replication 

assay was reconstituted to examine the effect of palindrome sequence on the progression of 

replication fork. Replication products obtained was applied onto the alkaline agarose gel 

electrophoresis, and the autoradiogram was shown in Figure 3B. In this semi-bidirectional 

replication system (Figure 3A), binding of Tus protein to the terB site blocks the clockwise 

replication and thus gave rise to the production of 0.9 kb DNA as the leading-strand replication 

product on both pIR246 and pCNS, respectively, as shown in Figure 3B. Whereas the counter-

clockwise replication fork continued on with replication until it terminated at the terB sequence 

lead to the production of counter-clockwise leading-strand replication product with the size of 

approximately 3.8 kb as can be observed in pCNS and pIR246. Replication products range 

between 100-600 bp represents the Okazaki fragments as detected in both pIR246 and pCNS. 

From the result, it was observed that both leading-strand replication product as well as total 

Okazaki fragments product was not affected within the 246 bp palindrome sequence in pIR246.  

Previous study suggested that hairpin structure can be formed on lagging strand and this 

structure can cause the pausing of polymerase. Thus, I would like to examine the lagging strand 

synthesis when it encounters the palindrome sequence. Using the alkaline agarose gel is not 

suitable for the detail analysis of lagging strand replication product due to the limitation of gel 

resolution. Therefore, sequencing gel which has better gel resolution was used for the in depth 

examination of lagging strand synthesis within the palindrome sequence. Replication products 

obtained from the oriC replication assay was digested with restriction enzyme, NsiI and AseI 

and applied onto the sequencing gel electrophoresis. The size of the replication products 

generated after restriction digestion is approximately 348 and 354 mer for leading-strand and 

lagging-strand replication product, respectively (Figure 4A). Assuming if palindrome sequence 

affects lagging or leading strand synthesis, the lagging-strand and leading-strand replication 

paused product is approximately 68 mer (Figure 4B) and 36 mer (Figure 4C), respectively. 
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Figure 4D showed the result for sequencing gel electrophoresis analysis. Lane 3 and 4 was the 

32P-labeled NsiI/AseI digested pIR246 and pCNS template as a marker, correspondingly. Lane 

1 and 2 showed the digested replication products of pIR246 and pCNS with near identical size 

as shown in a single band whereby the size of leading-strand replication product is 348 mer and 

lagging-strand replication product is 354 mer. This result suggests that in pIR246, both leading-

strand and lagging-strand replication can synthesized beyond the palindrome sequence. 

However, the estimated size of the replication paused product was not detected. In this 

observation, no significant pausing on leading and lagging strand replication was observed. 
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Figure 3 Alkaline agarose gel result showed the effect of palindrome sequence on DNA 

chain elongation in leading- and lagging-strand DNA synthesis. (A) Schematic diagram 

indicate the mode of semi-bidirectional DNA replication occurred in the majority of the 

template when it encountering the palindrome sequence. If DNA can synthesized beyond the 

palindrome sequence the size of the replication product is 3.8 kb while the clockwise replication 

product is 0.9 kb. OF indicates the Okazaki fragments, which ranged in size from 100 to 600 

residues. Thin black lines indicate template strand DNA. Thick black lines with arrowheads 

indicate the 246 bp palindrome sequence. Red and blue lines with arrowheads indicate the 

leading-strand and the lagging-strand DNA synthesis, respectively. (B) The replication products 

were subjected to alkaline agarose gel analysis. The size of the counter-clockwise replication 

products was approximately 3.8 kb in both pIR246 and pCNS. Replication products with the 

size of approximately 0.9 kb represent the counter-clockwise replication product due to the 

binding of Tus to the terB site. The size of Okazaki fragments is ranged between 100-600 bp. 
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Figure 4 Effect of inverted repeat on DNA chain elongation in leading- and lagging-strand 

DNA synthesis. The oriC replication reaction was carried out for 15 min as described in the 

Experimental procedure. The replication products obtained were digested with NsiI and AseI 

and subjected to sequencing gel electrophoresis analysis. (A) The 246 bp palindrome sequence 

was integrated into the oriC plasmid, pMOL7 in between the NsiI-AseI site. The restriction-

enzyme digestion of replication products prepared with intact template DNA causes 

hemireplicated NsiI-AseI cassette fragments to be excised from the products. In denaturing gel 

analysis, radio-labelled shorter DNAs (354 and 348 mer) are expected to be detected as a 

product of chain elongation on the lagging-strand template and one on the leading-strand 

template within the NsiI-AseI segment. (B) Assuming that the inverted repeat sequence on 
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C) 

354 and 348-mer 
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lagging strand template blocks chain elongation on lagging strand, the restriction-enzyme 

digestion of lagging strand replication products would produce a 68 mer instead of the 354 mer. 

(C) If leading strands chain elongation is blocked by the inverted repeat on the leading strand 

template, the restriction-enzyme digestion of leading strand replication product is 

approximately 36 mer instead of 348 mer as illustrated.  (D) An autoradiogram of the shorter 

DNAs excised from the replication products prepared with pIR246 (lane 1) and pCNS (lane 2). 

Lane 3 and 4 showed the 32P-labelled NsiI/AseI digested pIR246 and pCNS template, 

respectively. Thin black line represents the template DNA strand. Thick black lines with 

arrowheads indicate the palindrome sequence. Blue and red lines with arrowheads represent the 

lagging and leading strand product respectively. 
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3.2.2 Effects of single-stranded binding protein (SSB) 

The DNA polymerase III holoenzyme functions as an asymmetric dimer with two 

polymerase III cores that are responsible for the concurrent synthesis of leading and lagging 

strand (McHenry 1988). Owing to the anti-parallel structure of DNA and the 5’-3’ direction of 

DNA chain elongation catalysed by DNA polymerase, DNA replication is characterized as the 

semi-discontinuous reaction. Therefore, leading strand is synthesized continuously towards 

which the DNA double helix is unwind, while lagging strand is synthesized discontinuously in 

the opposite direction resulting in numerous short DNA fragment knows as Okazaki fragment. 

The discontinuous synthesis of lagging strand transiently exposed the lagging strand template 

into the single-stranded loop with the size equivalent to the Okazaki fragment (Alberts et al., 

1983) 

Numerous in vitro DNA synthesis studies using the prokaryotic (Sherman and Gefter 

1976, Challberg and Englund 1979; LaDuca et al., 1983; Huang et al., 1981) as well as the 

eukaryotic (Villani et al., 1981; Kaguni and Clayton 1982) DNA polymerases are suggested to 

be affected at specific sequence in the single-stranded DNA template. It is suggested that the 

arrest site corresponds to the palindromic sequence that possibly to form a stable hairpin 

structure. The addition of SSB has been shown to eliminate the barriers formed by the hairpin 

structure (LaDuca et al., 1983; Huang et al., 1981; Hacker and Alberts 1994) to facilitate 

replication through this barrier.  

It has been hypothesized that hairpin structure is formed on lagging strand template 

caused the pausing of lagging strand synthesis. However result in 3.2.1 showed no significant 

pausing of lagging strand synthesis within the palindrome sequence. This observation may 

suggest that the presence of SSB in the reaction is sufficient to remove the hairpin structure as 

SSB is readily to binds on the ssDNA to prevent the formation of secondary structure. In view 

of this, I next examined the effect of SSB in relation to lagging strand synthesis when it 

encountering the 246 bp palindrome sequence. 
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In vitro oriC replication assay was carried out with different amount of SSB on both 

pIR246 and pCNS. Replication products obtained after 15 min incubation at 30 ºC were 

digested with restriction enzymes, NsiI and AseI. The digested replication products were then 

applied onto the sequence gel electrophoresis. Figure 5 shows the result of the effect of SSB to 

lagging strand synthesis when it encounters the palindrome sequence. Lane 1 and 2 showed the 

32P-labelled NsiI/AseI digested pCNS and pIR246 template as a marker, respectively. Lane 3-7 

showed the result for pCNS with different amount of SSB. Both leading and lagging strand 

replication product with the size of approximately 348 and 354 mer were detected on the 

sequencing gel. However, it was found that the overall amount of leading and lagging strand is 

less when in the absence of SSB (lane 3).  

It is hypothesized that when the amount of SSB is less the possibility of hairpin formation 

will be increased and vice versa. Hence, assuming if hairpin is formed and block lagging strand 

synthesis, lagging-strand replication-paused product is approximately 68 mer (Figure 4B). Lane 

8-12 showed the result for pIR246 with different amounts of SSB. Both leading-strand and 

lagging-strand replication products with the size of 348 and 354 mer were detected when 

different amount of SSB were used. In the absence of SSB (lane 8), the overall leading and 

lagging strand replication product is less comparing to others (lane 9-12). This phenomenon is 

the same as observed in pCNS (lane 3). One of the explanations for this phenomenon is 

probably due to the less efficiency of initiation of DNA replication when in the absence of SSB.  

From the result, no significant of paused product was detected even with the low amount 

of SSB. This result suggests that lagging strand is readily synthesized beyond the palindrome 

sequence. 
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Figure 5 Effect of SSB to lagging strand synthesis when it encountering the palindromes 

sequence. The oriC replication reaction was carried out with various amount of SSB (0, 15.2, 

50.7, 152 and 608 nM). The replication products obtained were digested with NsiI and AseI 

then subjected to sequencing gel analysis. Lane 1 and 2 showed the 32P-labelled NsiI/ AseI 

digested pCNS and pIR246 template, respectively. Lanes 3-7 are the replication products for 

pCNS while lane 8-12 are the replication products for pIR246 that obtained when different 

amount of SSB were used, respectively. Replication products with the size of 354 and 348 mer 

were detected as a product of chain elongation on the lagging-strand template and one on the 

leading-strand template within the NsiI- AseI segment in both pCNS and pIR246. No significant 

paused products were detected in pIR246 even with low amount of SSB. 

354 mer, 348 mer 
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3.2.3 Southern blot analysis of leading strand replication product 

Analysis using Alkaline agarose gel and sequencing gel showed no significant pausing of 

replication within the palindrome sequence. This suggests that both leading and lagging strands 

are readily synthesized beyond the palindrome. To further confirm this, Southern blotting 

analysis was carried out. Replication products obtained after in vitro oriC replication at 30 °C 

for 15 min were digested with restriction enzyme, BglI. This digested replication products were 

subjected to the alkaline agarose gel followed by Southern blot analysis (Figure 6B). Probe B 

specifically detecting the leading strand replication product was used (Figure 6A). A 4.7 kb 

DNA product was detected with Probe B on both pCNS and pIR246 which representing the 

template DNA indicated as T in Figure 6B. The full length leading strand replication product 

with the size of approximately 2.7 kb was detected in pCNS as well as pIR246. This suggested 

that the leading strand can be synthesized across the palindrome sequence.  

However, it was surprising to observe a very faint but yet detectable short leading-strand 

replication product with the size of approximately 0.9 kb only in pIR246 but not pCNS. This 

detectable 0.9 kb replication product represent the leading-strand replication product from the 

BglI site to the far end of the palindrome sequence as illustrated in Figure 6A. The location of 

this leading-strand replication paused product is still uncertain and the detected band intensity 

is also very faint. From this observation, it is suggests that the presence of palindrome sequence 

affected the leading strand synthesis to some extent.  
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Figure 6 Leading-strand replication-paused product was detected on pIR246. Replication 

products obtained as described in experimental procedure were digested with BglI and 

subjected to alkaline agarose gel southern blot analysis. (A) Schematic diagram showed the 

location of probe used to detect the leading-strand replication products. Thin black lines 

represent the template DNA. Thick black lines with arrowheads indicate the 246 bp palindrome 

sequence. Black line with arrowhead indicates the full length leading strand product with the 

size of 2.7 kb. Black dashed line with arrowhead indicates the short leading strand replication 

product with the size of 0.9 kb. (B) Southern blot result showed that leading strand synthesis 

paused within the inverted repeat. T, FL and PP represent template, full length replication 

product and paused product, respectively. 
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3.3 The effects of DNA gyrase in affecting DNA synthesis on oriC plasmid containing the 

palindrome sequence 

Result showed in 3.2 demonstrated that lagging strand synthesis is not significantly 

paused within the palindrome sequence. This result is contrast to the previous observation 

which suggested that lagging strand synthesis is paused at the hairpin structure. However the 

Southern blotting result (Figure 6) described in the previous section suggests that leading strand 

replication is affected by the palindrome sequence. It has been confirmed that Triton-extracted 

pIR246 plasmid used in this study is cruciform-free (Figure 2). Therefore from this observation, 

I hypothesized that the stalling of leading strand replication is probably due to a cruciform 

structure produced ahead of the replication fork after the initiation of DNA replication.  

During the progression of replication fork through the double-stranded DNA, strand 

separation by helicase results in the accumulation of positive superhelical turns ahead of the 

replication fork (Alexandrov et al., 1999; Peter et al., 1998). The accumulation of this torsional 

stress needs to be released in order for further DNA replication. DNA gyrase, a type II DNA 

topoisomerase, is composed of two subunits encoded by gyrA and gyrB genes. This enzyme 

exists in solution as an A2B2 tetramer. Each of the subunits is presence with approximately 250 

and 150 molecules per cells for gyrA and gyrB, respectively (McMacken et al., 1987). The 

physiological concentration of DNA gyrase is approximately 178 nM with the cell volume of 

E. coli is approximately 0.7 μm3. It is the enzyme that responsible for introducing the negative 

supercoiling in DNA (Gellert el al., 1976). It is shown that DNA gyrase participates to release 

the positive supercoils formed ahead of the replication fork in order for the progression 

replication fork (Khodursky et al., 2000; Levine et al., 1998). 

Thus, it seemed possible that the involvement of DNA gyrase in releasing the torsional 

stress ahead of the replication fork may contribute to the formation of cruciform structure within 

the palindrome sequence. Next, I examined the effect of DNA gyrase in causing the pausing on 

leading strand synthesis. 
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3.3.1 Titration of DNA gyrase 

In vitro oriC replication assay was carried out with different amounts of DNA gyrase on 

both pCNS and pIR246. Replication products obtained were applied onto the alkaline agarose 

gel electrophoresis (Figure 7B). In the absence of gyrase, counter-clockwise replication was 

inhibited as can be observed in pCNS (Figure 7B, lane 1). However, only the 0.9 kb clockwise 

replication product and Okazaki fragments can be detected. The inhibition of counter-clockwise 

replication observed in pCNS is probably due to the accumulation of torsional stress ahead of 

the replication fork in the absence of gyrase. When gyrase was added to the reaction as shown 

in lane 2, a small amount of 3.8 kb counter-clockwise replication product can be detected. This 

suggested that torsional stress accumulated in front of the replication fork is released by the 

gyrase. However, this amount of gyrase may not be sufficient in completely releasing the 

torsional stress. When the amount of gyrase was increased (lane 3-6) there was an increment of 

the 3.8 kb counter-clockwise replication product. This suggests that when the amount of DNA 

gyrase is sufficient, the replication fork speed is increased and thereby enable the recycling of 

replication proteins to another unused template for DNA replication. In addition, it was 

observed that when there is excess amount of gyrase (lane 5-6), the size of the Okazaki fragment 

are slightly larger than with standard amount of gyrase was used (lane 3). This phenomenon is 

suggested relating to the replication fork speed. Higuchi et al. (2003) showed that the reduction 

of replication fork rate due to the lesion on leading strand template leads to the production of 

shorter Okazaki fragments. Therefore it is suggested that with the excess amount of gyrase the 

replication fork rate is increased and hence the size of the lagging strand replication is increased. 

The same phenomena observed with pCNS were also found in the case of pIR246. When 

gyrase is absent from the reaction, the 3.8 kb counter-clockwise replication product was not 

detected in pIR246 (lane 7). Whereas a small amount of the 3.8 kb counter-clockwise 

replication product was detected when gyrase was added (lane 8). This counter-clockwise 

replication product was increased as the amount of the gyrase increased (lane 9-12). The 0.9 kb 
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clockwise replication product as well as Okazaki fragments were detected in a similar pattern 

as detected with pCNS. In addition to that, a leading-strand replication paused product was 

detected only with pIR246 but not pCNS. The size of the leading-strand replication paused 

product is different depending on the amount of DNA gyrase. Lane 7-8 showed that when there 

is less amount of gyrase, the size of this leading-strand replication-paused product is in between 

1.9 to 2.7 kb. With the standard amount of DNA gyrase (lane 9) used in the in vitro oriC 

replication assay, two paused products with the size between 1.9 to 2.7 kb and 1.5 to 1.9kb were 

detected. However, the size of the paused product became in between 1.5 to 1.9 kb when the 

amount of gyrase is increased (lane 10-12). The concentration of DNA gyrase used in Lane 11 

is approximately 148 nM which is nearly to the physiological concentration of DNA gyrase in 

the cell. 

Assuming that palindrome sequence on leading strand template causes the pausing of 

leading strand synthesis; the pause product would be approximately 1.8 kb (Figure 7A). 

However the result shows that leading strand synthesis can be paused upstream, within or after 

the palindrome sequence dependent on the amount of DNA gyrase.  
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Figure 7 Effect of gyrase to DNA synthesis within the palindrome sequence. (A) Schematics 

diagram indicate the mode of DNA replication in majority of template when it encountering the 

palindrome sequence. If hairpin structure is formed on leading strand and block leading strand 

synthesis, the size of the paused product is approximately 1.8 kb. (B) In vitro oriC replicaiton 

assay was carried with titration of gyrase. The concentration of Gyr A/B is 0/0, 37/80, 74/160, 

148/320, 296/640, 370/800 nM. Alkaline agarose gel result showed the replication products 

with the size of 3.8 kb and 0.9 kb which indicate the full length counter-clockwise and clock-

wise replication products respectively in both pCNS and pIR246. OF indicating the Okazaki 

fragments ranged between 100-600 bp was observed in both pCNS and pIR246. PP indicates 

the paused product detected in pIR246 but not pCNS with different amount of gyrase. The size 

of the paused product is in between 1.5-1.9 kb. 
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3.3.2 Southern blot analysis for leading strand replication product  

In the alkaline agarose gel (Figure 7B), it was observed that the paused products have 

different sizes. Thus, this makes the difficulty in concluding the exact location where the 

leading strand is paused. In order to confirm the size of the paused product Southern blotting 

was carried out using the leading strand specific probe B to estimate the size of the leading-

strand replication-paused product separated on the alkaline agarose gel.  

In vitro oriC assay was carried out with pCNS and pIR246 in two conditions: (i) the standard 

condition of gyrase (1×) containing 74 nM of Gyrase A and 160 nM of Gyrase B and (ii) the 

nearly to the physiological condition of gyrase (4×) containing 296 nM of Gyrase A and 640 

nM of Gyrase B. Replication product obtained was digested with restriction enzyme, BglI 

before applied onto the alkaline gel. Southern blotting was then carried out by using Probe B 

(Figure 8A) that specifically detecting to the leading strand replication product. DNA product 

with the size of approximately 4.8 kb detected on both pCNS (lane 1 and 3) and pIR246 (lane 

2 and 4) represent the template DNA as indicate as T in Figure 8B. A 2.7 kb full length leading 

strand replication product indicated as FL in Figure 8B was detected with pCNS as well as 

pIR246 when 1× and 4× gyrase were used. Leading-strand replication-paused products were 

detected only with pIR246 but not pCNS when 1× and 4× gyrase used. If leading strand 

replication is paused upstream of the palindrome sequence, the replication paused product is 

approximately 0.7 kb (Figure 8A). When 1× gyrase was used, two types of leading-strand 

replication-paused products were detected. The slow migrating product is approximately 0.9 kb 

while the fast migrating product is approximately 0.7 kb. The 0.9 kb paused product represent 

the leading-strand replication product from BglI to the far end of the palindrome sequence. 

Whereas the 0.7 kb represent the leading-strand replication product from BglI to the upstream 

of the palindrome sequence. When 4× gyrase was used only a 0.7 kb leading-strand replication-

paused product was detected.  

This result shows that leading strand synthesis can be paused before or after passing through 
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the palindrome sequence when 1× DNA gyrase was used. Moreover, when 4× DNA gyrase was 

used leading strand synthesis is paused before the palindrome sequence. This suggested that 

leading strand synthesis pausing within the 246 bp palindrome sequence is dependent on the 

amount of DNA gyrase. 

To more precisely determine the location where leading strand replication is paused within 

the palindrome sequence, sequencing gel Southern blotting was carried out. This method 

enables for the identification of pausing site with single nucleotide resolution. Thus, replication 

products obtained after in vitro oriC replication assay in the condition with 1× and 4× gyrase 

were digested with restriction enzyme, MscI and AseI. The digested products were applied onto 

the sequencing gel followed by Southern blotting. Probe Lead H located 34 bp upstream of the 

palindrome sequence can detect the leading-strand replication product as well as the template 

DNA.  

The size of the full length leading strand product is approximately 377 mer when detected 

with probe Lead H (Figure 9A). As illustrated in Figure 9B, if formation of hairpin structure 

from the palindrome sequence is solely responsible for arresting the leading strand polymerase, 

the size of the leading-strand replication-paused product is approximately 65 mer. Whereas if 

leading strand synthesis stop after passing through the first arm of the palindrome sequence, the 

size of the paused product is approximately 176 mer (Figure 9B).  

Lane 5- 6 are the MscI/AseI digested pIR246 and pCNS template DNA detected by probe 

Lead H as a marker which the size is approximately 377 mer. The 377 mer full length leading-

strand replication product was also found with both pIR246 (lane 1 and 3) and pCNS (lane2 

and 4), respectively. However, a 65 mer leading-strand replication paused product was detected 

only with pIR246 but not pCNS. This result suggests the presence of hairpin structure on 

leading strand template which consequently caused the pausing of leading strand polymerase 

at the base of the hairpin stem. Besides that, it was noticed that at 4× gyrase the amount of 

leading-strand replication-paused product at the base of hairpin stem seems higher than at the 
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condition of 1× gyrase. Leading-strand replication product with a range of size (105-156 mer) 

was also detected with pIR246 suggesting that leading strand synthesis is paused within the first 

arm of the palindrome sequence. The observation of this character of laddering replication 

paused product suggested that leading strand polymerase slowly overcome the hairpin structure 

probably through strand displacement activity.  
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Figure 8 Alkaline agarose gel Southern blotting analysis of leading strand products when 

it encounters the palindrome sequence. Replication products obtained as described in 

experimental procedure were digested with BglI and subjected to alkaline agarose gel southern 

blot analysis. (A) Schematic diagram showed the location of probe used to detect the leading 

strand replication products. Thin black lines represent the template DNA. Thick black lines 

with arrowheads indicate the 246 bp palindrome sequence. Black line with arrowhead indicates 

the full length leading strand product with the size of 2.7 kb. Black dashed line with arrowhead 

indicates the 0.9 kb leading strand replication paused product that paused after passing through 

the palindrome sequence. Black dotted line with arrowhead indicate the 0.7 kb leading strand 

replication paused product that paused upstream of the palindrome sequence (B) Replication 

products were prepared and subjected to alkaline agarose gel Southern blotting analysis. An 

autoradiogram of the replication products detected with probes B. Lane 1 and 3 are replication 

products prepared with the pCNS, while lane 2 and 4 are those prepared with pIR246 with 

different amount of gyrase respectively. Paused product with the size in between 0.4-0.9 kb was 

detected in pIR246 when 1× and 4× gyrase were used. T and FL denote the leading-strand 

template DNA and full length leading strand replication product respectively. PP indicates the 

paused leading strand replication product. 
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Figure 9 Leading strand synthesis paused at the base of the hairpin stem. (A) Schematic 

diagram showing the predicted leading-strand products detected by probe Lead H after the 

restriction enzyme treatment. Thin black line represents the template DNA. Thick black line 

with arrowheads represents the palindrome sequence which located between MscI and AseI. 

Red thick line with arrowhead denote the leading-strand replication product detect by probe 

Lead H. (B) Replication products were digested with restriction enzyme, MscI and AseI and 

applied to the sequencing gel followed by Southern blot analysis as described in the 

Experimental procedure. Lane 1 and 3 are replication products prepared with the pIR246, while 

lane 2 and 4 are those prepared with pCNS with different amount of gyrase, respectively. Lane 

5 and 6 showed the MscI/AseI digested pIR246 and pCNS template detected by probe Lead H, 

respectively. The locations of inverted repeats in pIR246 are shown as black and grey arrows 

in the image. Full length leading strand replication product and template DNA with the size of 

approximately 377 mer was detected in pIR246 and pCNS. Paused products with the size of 

approximately 65 mer and 105-156 mer (black bracket) were observed in pIR246 with different 

amount of gyrase but not pCNS.  
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3.3.3 Southern blot analysis for lagging strand replication product 

It seems that the emerge of cruciform structure ahead of the replication fork caused the 

pausing of leading strand replication as shown in the alkaline agarose gel (Figure 8B) as well 

as the sequencing gel Southern blotting results (Figure 9C). Hence, hairpin structure is also 

suggested to be present on the lagging strand. To examine the effect of palindrome sequence on 

lagging strand replication, in vitro oriC replication assay in the condition of 1× and 4× gyrase 

was carried out, and the replication product was subjected to a sequence gel Southern blotting 

using a lagging strand specific Probe Lag A’ located 25 bp upstream of the palindrome sequence. 

Lagging strand replication product as well as the template detected by probe Lag A’ is 

approximately 379 mer (Figure 10A). Lane 5-6 were the MscI/AseI digested pIR246 and pCNS 

DNA template as a marker detected by Probe Lag A’, the size of which is 379 mer (Figure 10B). 

Additionally, the 379 mer full length lagging strand replication product as well as the template 

was found with pIR246 (lane 1 and 3) and pCNS (lane 2 and 4), respectively (Figure 10C).  

In can be observed that multiple bands were detected by probe lag A’ with pCNS (lane 2 

and 4). This multiple bands reflect the priming site for the lagging strand synthesis. Lagging 

strand is synthesized in short fragments known as Okazaki fragments and the synthesis of each 

Okazaki fragment is initiated with the synthesis of RNA primer (Figure 10B). Therefore the 

band pattern observed on pCNS may reflect the different priming site for the synthesis of 

Okazaki fragments. 

In the case of pIR246, if lagging strand synthesis is paused upstream of the palindrome 

sequence, a 68 mer paused product will be detected (Figure 10A). However result showed that 

there is no particular strong pausing at 68 mer when 1× and 4× of DNA gyrase were used (Figure 

10C). Instead, multiple bands were also detected on pIR246. It is observed that lagging-strand 

product detected at the upstream of the palindrome sequence with the size below 68 mer has 

similar band pattern in both pCNS and pIR246. The lagging-strand product detected by probe 

Lag A’ on pCNS (Figure 10C) with the size within 68 to 179 mer has similar DNA sequence 
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with the first arm of the palindrome sequence in pIR246 (Figure 10C). Therefore, it is predicted 

that similar band pattern of lagging-strand product will be observed on both pIR246 and pCNS. 

However, the lagging-strand product detected within the size of 68 to 179 mer in pIR246 has 

different band pattern as compared to pCNS. 

From this observation, it suggests that lagging-strand polymerase was not stopped at the 

palindrome sequence as there is no particular strong lagging-strand replication paused-product 

before the palindrome was detected. However it is found that the priming location for lagging 

strand synthesis within the palindrome sequence is different between pIR246 and pCNS. Hence 

this suggests the possibility of the presence of secondary structure, particularly hairpin structure 

on lagging strand and it is probably unwind by DNA helicase and hence it delay the priming 

site for Okazaki fragments synthesis. 
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Figure 10 Lagging strand synthesis was affected within the palindrome sequences. (A) 

Schematic diagram showed the location of lagging strand product within the 246 bp palindrome 

sequence detected by probe Lag A’ in pIR246. Thin black line represents the template DNA. 

Thick black line with arrowheads represents the palindrome sequence which located between 

MscI and AseI. Blue thick line with arrowhead denote the lagging strand replication product 

detect by probe Lag A’. (B) Schematic diagram showed the location of lagging strand product 

detected by probe Lag A’ in pCNS and the different priming site during Okazaki fragments 

synthesis. (C) Replication products obtained were digested with restriction enzyme, MscI and 

AseI. The digested replication products were applied to the sequencing gel followed by 

Southern blot analysis. Lane 1 and 3 are replication products prepared with the pIR246, while 

lane 2 and 4 are those prepared with pCNS with different amount of gyrase, respectively. Lane 

A)

) 

B) 

C)

) 
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5 and 6 showed the MscI/AseI digested pIR246 and pCNS template detected by probe Lag A’, 

respectively. The locations of inverted repeats in pIR246 are shown as black and grey arrows 

in the image. Full length lagging-strand replication-product and template DNA with the size of 

approximately 379 mer were detected in pIR246 and pCNS. No significant pausing of lagging 

strand synthesis within the palindrome sequences in pIR246.  
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Chapter 4 

 

Discussions 

 

4.1 Triton-extracted pIR246 is cruciform free and can extrude cruciform structure when 

exposed to heat. 

To begin the study, an oriC-terB palindrome-containing plasmid, pIR246 and oriC-terB 

palindrome-free control plasmid, pCNS were constructed. In order to examine how the 

palindrome sequence behaves during DNA replication, it is very important to obtain a DNA 

preparation of cruciform-free palindrome-containing plasmid. For this purpose, Triton-lysis 

method was used to prepare the pIR246 plasmid DNA as well as the pCNS. This Triton-lysis 

method is a non-denaturing method that can avoid the formation of cruciform structure during 

plasmid preparation.  

 The palindrome-containing pIR246 and palindrome-free pCNS obtained from Triton-

lysis method were DNA mainly in a supercoiled form. In this report, I found that cruciform 

extrusion is temperature sensitive. The formation of cruciform structure is significantly 

stimulated at higher temperature in the presence of salt. The heat-treated palindrome-containing 

pIR246 plasmid exhibited a mobility retardation characterized by the laddering bands observed 

in agarose gel, suggesting the transition of linear-form palindrome sequence into the cruciform 

structure. When cruciform is formed from the palindromic sequence, the palindrome-containing 

supercoiled DNA is known to be relaxed. Therefore, the laddering bands observed in heat-

treated pIR246 reflect the various different linking numbers of the plasmid due to the extrusion 

of cruciform structure.  

To further confirm that Triton-extracted pIR246 is cruciform-free, T7 endonuclease 

which can cleave the cruciform structure was used. The heat-treated pIR246 was readily 

digested by T7 endonuclease and become linearized. On the other hand, Triton-extracted 

pIR246 was resistant to the digestion by T7 endonuclease. This observation convincingly 
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showed that laddering pattern observed with heat-treated pIR246 is the cruciform structure. 

Most importantly, pIR246 plasmid DNA prepared by Triton-lysis method appeared to contain 

little or no cruciform structure. Therefore, this result confirms that Triton-extracted pIR246 

DNA preparation is cruciform free. 

 

4.2 No significant replication pausing was observed in the standard condition of in vitro 

oriC DNA replication reaction even without SSB. 

Having confirmed that Triton-extracted pIR246 is cruciform-free, the in vitro oriC DNA 

replication assay was reconstituted to examine the progression of replication fork when 

encountering the palindrome sequence. Previous model (Eykelenboom et al., 2008) has 

suggested that hairpin structure formed on lagging strand after the passage of the replication 

fork. Higuchi et al. (2003) showed that the lesion on lagging strand completely blocked the 

synthesis of Okazaki fragment extending toward the lesion site. Thus, I expected that Okazaki 

fragment synthesis might be blocked if hairpin structure is formed on lagging strand template 

after the replication fork passes through the palindrome sequence.  

From the result shown in section 3.2.1 (Figure 3 and 4), both leading and lagging strands 

can be synthesized beyond the 246 bp palindrome sequence. In addition, no significant pausing 

within the palindrome sequence was detected on lagging strand. From this result, it appeared 

that hairpin structure could not be formed on the lagging strand template. One of the 

possibilities for this observation was probably due to the presence of SSB in the in vitro oriC 

replication assay. Single-stranded DNA binding protein (SSB) is known by its function of 

binding tightly on ssDNA to prevent the formation of any secondary structure. Pausing of DNA 

polymerase at hairpin structure on ssDNA has been shown to be strongly inhibited by the 

addition of SSB. Therefore, the possibility of hairpin formation would be reduced if an excess 

amount of SSB is present.  

 Thus, I next examined the effect of SSB on the lagging strand synthesis when it 
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encounters the 246 bp palindrome sequence on the lagging strand template. In order to exclude 

the possibility of SSB contamination in all the purified replicative proteins, Western blotting 

has been carried out and showed that Fraction IV Pol III* contained a large amount of SSB 

contamination (data not shown). Therefore, Calmodulin-binding protein (CBP)-tagged HolD 

Pol III * with a minute amount of SSB contamination comparing to the Fraction IV Pol III* 

was used in the SSB titration experiment. In vitro oriC replication assay was reconstituted using 

the CBP-tagged HolD Pol III* with various amount of SSB. It was speculated that hairpin 

structure may be formed more easily when the amount of SSB is less and vice versa.  

 From the result shown in 3.2.2 (Figure 5), it was surprising to find that lagging strand can 

be synthesized beyond the palindrome sequence in the absence of SSB as well as in the excess 

amount of SSB condition.  In addition, there was no detectable lagging-strand replication-

paused product in the absence of SSB. Hence this phenomenon cannot be explained by the 

possibility of SSB contamination for inhibiting the formation of hairpin structure on lagging 

strand template. The efficiency and the stability of hairpin formation on lagging strand template 

are apparently lower than the detectable level of our measurements. In the current experiments, 

with a standard condition of oriC reaction it is clear that a hairpin structure is not efficiently 

formed on the lagging strand template even in the absence of SSB.  

 Owing to this observation I next used a more sensitive method; Southern blotting that 

allows the detection of much lower amount of DNA sample. Using the Southern blotting 

method, it was surprising to observe that a very faint but yet detectable leading-strand 

replication-paused product on the alkaline gel (3.2.3 Figure 6) although paused-product was not 

detectable on the lagging strand. No replication-paused product was detected in the palindrome-

free pCNS plasmid DNA. This result distinctively suggests that the leading strand synthesis is 

affected within the palindrome sequence. The pausing of leading strand synthesis within the 

palindrome sequence suggested a presence of hairpin structure on leading strand template 

during DNA replication. The low but detectable amount of leading-strand replication-paused 
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product might be dependent on the stability and efficiency of the hairpin structure on the leading 

strand template.  

In the concerted semi-discontinuous DNA replication process, leading strand is 

synthesized continuously and thereby it is unlikely for the hairpin structure to be formed on the 

leading strand template. However, there is a dispute regarding the semi-discontinuous DNA 

replication model. There are several in vivo studies have suggested the discontinuous replication 

model in E. coli (Sternglanz et al., 1976; Gottesman et al., 1973; Konrad et al., 1974; Okazaki 

et al., 1971). If leading strand is synthesized discontinuously, hence there is a possibility for 

hairpin formation on the leading strand. In addition to that, if DNA helicase is uncouple with 

leading strand polymerase, DNA helicase may move ahead of the leading strand polymerase 

and thereby an ssDNA may occur on the leading strand template which may lead to the 

formation of hairpin structure. Although at this stage these two explanations may not be 

sufficient to explain the pausing of leading strand synthesis within the palindrome sequence, 

nonetheless it shouldn’t be rule out these two possibilities. 

Despite these two explanations, perhaps a more feasible explanation related to the 

observation of leading-strand replication-paused product within the 246 bp palindrome is the 

pre-formation of cruciform structure in front of the replication fork. During the progression of 

replication fork through the double-stranded DNA, strand separation by DNA helicase results 

in the accumulation of positive superhelical turns ahead of the replication fork (Alexandrov et 

al., 1999; Peter et al., 1998). The accumulation of this torsional stress needs to be released in 

order for further DNA replication. DNA gyrase responsible for introducing the negative 

supercoiling in DNA (Gellert el al., 1976) is shown to participate for releasing the positive 

supercoils formed ahead of the replication fork in order for the progression of replication fork 

(Khodursky et al., 2000; Levine et al., 1998). As a consequent of the releasing torsional stress 

by DNA gyrase, cruciform structure may be extruded during DNA replication. It is known that 

cruciform formation is driven by the energy from negative supercoiling. 
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4.3 Leading strand synthesis is paused at the base of the hairpin stem on the leading strand 

template. 

To examine the possibility of cruciform formation by DNA gyrase, which leads to the 

pausing of leading strand synthesis, in vitro oriC replication assay was reconstituted with 

various amount of DNA gyrase. As shown in 3.3.1 (Figure 7), a replication-paused product was 

detected in pIR246 but not pCNS. It is noticed that there is a difference with the pattern of 

paused product detected in pIR246. When the amount of DNA gyrase is less, the size of the 

detected paused-product is approximately 2.0 kb suggesting that this paused-product stopped 

after passing through the palindrome sequence. Whereas a 1.8 kb paused product was detected 

when higher amount of DNA gyrase was used, and this suggests that leading strand synthesis 

is stopped upstream of the palindrome sequence.   

  To further confirm the size of the leading-strand replication-paused product, Southern 

blotting was carried. In the Southern blotting result (Figure 8), it is clearly shown that there are 

two leading-strand replication-paused products with the size of approximately 0.7 and 0.9 kb 

were detected in the standard condition of DNA gyrase. Nonetheless, when excess amounts of 

DNA gyrase, only a 0.7 kb leading-strand replication-paused product was detected. The fast 

migrating leading-strand replication-paused product with the size of approximately 0.7 kb 

suggests that leading strand synthesis is paused upstream of the palindrome sequence. Whereas 

the slow migrating leading-strand replication-paused product with the size of approximately 0.9 

kb suggests that leading strand synthesis stopped after passing through the palindrome sequence. 

This observation suggests that leading strand synthesis can pause upstream of the palindrome 

sequence presumably due to the formation of hairpin structure. However, it is surprising that 

leading strand synthesis is also found stopped after passing through the palindrome sequence 

when in vitro oriC replication assay was carried out with standard amount of DNA gyrase. From 

this observation, I suggest that pausing of leading strand synthesis is dependent on the amount 

of DNA gyrase.  
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 The sequencing gel Southern blotting that enables the identification of pausing site with 

single nucleotide resolution was carried out to precisely estimate the location where leading 

strand synthesis is paused within the palindrome sequence. Result in 3.3.2 (Figure 9) clearly 

showed that leading strand synthesis is paused at the base of the hairpin stem when in the 

standard and excess amount of DNA gyrase used. Whereas, this leading-strand replication-

paused product was not detected in the palindrome-free pCNS. Apart from that, a laddering of 

leading-strand replication-paused product with the size ranging from 105-156 mer was also 

detected in both conditions of DNA gyrase. The sizes of leading-strand replication-paused 

product suggest that leading strand can be synthesized within the palindrome sequence. 

 The above results further confirm the presence of hairpin structure on leading strand 

template which subsequently caused the pausing of the leading strand synthesis. In addition to 

that, the observation of laddering pattern of leading-strand replication-paused product suggests 

a possibility of strand displacement activity of Polymerase III to overcome the hairpin structure 

formed on the leading strand template. In accordance with this observation, it is suggested that 

the presence of hairpin structure does not cause an absolute pausing on the leading strand 

template. Indeed the pausing on the leading strand synthesis is suggested to be temporal due to 

the strand displacement activity to overcome the hairpin structure. 

 

 4.4 The different pausing pattern of leading strand synthesis in accordance with the 

amount of DNA gyrase 

Apart from the observation mentioned above, the pattern of semi-bidirectional replication 

product with control plasmid, pCNS is slightly different when different amount of DNA gyrase 

was used (Figure 7). When DNA gyrase is insufficient (absence or less DNA gyrase), the 

amount of counter-clockwise leading strand replication product is either absence or less. This 

phenomenon is due to the accumulation of torsional stress in front of the replication fork that 

inhibits further DNA chain elongation. This was not observed when the amount of DNA gyrase 
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is sufficient whereby the accumulation of torsional stress is released and hence it enables for 

further progression of replication fork. In addition to the different occurrence of counter-

clockwise leading strand replication product, there is also a difference in the size of lagging 

strand replication product. When the amount of DNA gyrase is inadequate, the size of lagging 

strand replication product is slightly smaller comparing when there is adequate amount of DNA 

gyrase. This observation is probably correlated with the rate of the replication fork.  As 

suggested by Higuchi et al. (2003) that a lesion on leading strand template resulted in a reduced 

rate of replication fork movement which leads to the production of shorter Okazaki fragments. 

Therefore when DNA gyrase is inadequate, the reduced rate of replication fork can cause the 

smaller size of Okazaki fragments production. Moreover, the larger Okazaki fragments are 

produced when the rate of replication fork is increased due to the adequate amount of DNA 

gyrase.  

The results shown in alkaline agrose gel (Figure 7) as well as the Southern blotting (Figure 

8 and 9) demonstrated that the pattern of the leading-strand replication-paused product with 

pIR246 is different dependent on the amount of DNA gyrase. One of the possibilities of this 

difference may be due to the size of the extruded hairpin structure. The complete extruded 

hairpin structure may cause the pausing of leading strand synthesis upstream of the palindrome 

sequence. On the other hand, if the hairpin structure is not completely extruded it may cause 

the pausing of leading strand synthesis within the palindrome sequence. In fact a perhaps more 

possible explanation regarding the different pattern of pausing in the standard and excess 

amount of DNA gyrase condition is correlated to the torsional stress in front of the replication 

fork. Within the region of palindrome sequence on the leading strand template there is a locally 

accumulating negative supercoiling due to the hairpin structure. Therefore, leading strand 

synthesis is first stopped at the base of the hairpin stem. Then by the strand displacement 

activity of the leading strand polymerase it may slowly overcome the hairpin structure. The 

strand displacement activity thus unwinds the hairpin structure on the leading strand template 
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may induce some extra torsional stress in front of the replication fork. During the standard 

amount of DNA gyrase condition, the insufficient of DNA gyrase activity may cause the 

pausing of DNA polymerase after passing through the hairpin structure due to the accumulation 

of torsional stress ahead of the replication fork. This phenomenon is not observed when excess 

amount of DNA gyrase is used, suggesting that there is sufficient amount of DNA gyrase 

activity to completely release the torsional stress in front of the replication fork. Therefore, only 

the paused product stopped at the base of the hairpin stem is detected when there is excess 

amount of DNA gyrase. 

 

4.5 Lagging strand synthesis is suggested to be affected within the palindrome sequence 

 The observation of leading strand replication pausing is probably due to the presence of 

cruciform structure ahead of the replication fork.  Hence, hairpin structure is also expected to 

be present on the lagging strand template. The sequencing gel Southern blotting was carried out 

to examine the effect of palindrome sequence on DNA synthesis on the lagging strand template.  

 The result shown in Figure 10 demonstrated that there were multiple bands detected with 

pCNS. These bands may reflect the priming site for the DNA synthesis on lagging strand 

template. Lagging strand is synthesized in short fragments known as Okazaki fragments. The 

synthesis of each Okazaki fragments is initiated by the synthesis of RNA primer which is 

catalyzed by DNA primase at specific recognition sites. Hence the observation of this multiple 

bands may represent the priming site for lagging strand synthesis.   

From the result (Figure 10), multiple bands were also detected with pIR246 but the band 

pattern was different from that observed with pCNS. The DNA sequence detected by probe Lag 

A’ on lagging strand replication product with pCNS has the same DNA sequence with the first 

arm of the palindrome sequence on the lagging-strand replication product with pIR246. Hence 

it is assumed that same band pattern of lagging strand replication product will be observed in 

both plasmids. Instead, a different priming site for the synthesis of Okazaki fragments is 
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observed with pIR246 comparing to pCNS. This result is surprising and hence brings into the 

suggestion that possibly a hairpin structure is also presence on the lagging strand template and 

subsequently causes a delay of priming for lagging strand synthesis in pIR246.  

In fact, the occurrence of hairpin structure on lagging strand template does not show 

significant pausing at the base of the hairpin stem. One of the possibilities of this observation 

is probably due to the involvement of DNA helicase. In the replisome, DNA helicase is located 

on the lagging strand template. Thus, DNA helicase will first encounter the hairpin structure 

before the lagging strand DNA polymerase. Consequently, DNA helicase would be involved in 

unwinding the hairpin structure as it is to unwind the duplex DNA. After unwinding the first 

arm of inverted repeats until the spacer, the second arm of the inverted repeats will be covered 

by SSB. Therefore this observation also suggests that lagging strand synthesis is affected within 

the palindrome sequence probably due to the hairpin structure. However, this does not cause 

any pausing possibly due to the effect of DNA helicase located on the lagging strand template 

in unwinding the hairpin structure. 
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4.6 Conclusions 

 From all the observations obtained in this study, a new model explaining how DNA 

replication machinery behaves when it encounters the palindrome sequence is proposed (Figure 

11).  Mirkin’s group found that the progression of replication fork is stalled when it encounters 

the palindrome sequence. However this phenomenon cannot be explained by the model 

proposed by Leach’s group, in which the presence of palindrome sequence does not cause the 

pausing of replication fork.  

My results indicated that the progression of replication fork is affected by the palindrome 

sequence. Both leading- and lagging-strand synthesis were affected within the 246 bp 

palindrome sequence.  The leading strand synthesis was paused before the palindrome 

sequence (Figure 7 and 8) and further study revealed leading-strand synthesis to be paused at 

the base of the hairpin stem (Figure 9). These suggest that hairpin structure was probably 

formed on the leading strand template and caused the pausing of leading-strand synthesis. 

Nonetheless, the pausing of leading-strand synthesis within the palindrome sequence seems not 

to be absolute but likely temporal. This is because a laddering pattern was observed with 

leading-strand replication-paused product analyzed by the sequencing-gel Southern-blotting, 

which is probably due to the strand displacement activity of DNA polymerase to overcome the 

hairpin structure. In addition, full length of leading-strand replication-product was also.  

On the other hand, lagging-strand synthesis was also affected within the 246 bp 

palindrome sequence. Although no significant pausing of lagging-strand replication-product at 

the base of the hairpin stem, it was found the distribution of priming sites for the Okazaki 

fragments synthesis was different in replication of pIR246 and pCNS (Figure 10). The 

difference in priming sites brings into the suggestion that hairpin structure is also present on the 

lagging strand template and DNA helicase may unwind the hairpin structure. As a consequence, 

the action of DNA helicase in hairpin structure would change the timing of the priming of 

Okazaki fragments synthesis on pIR246. 
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Previous study has suggested the cleavage of hairpin structure by SbcCD is on the lagging 

strand. However, there is no direct evidence for this notion. Instead of hairpin structure 

formation on the lagging strand template, I newly propose that cruciform structure is formed 

from the palindrome sequence in front of the replication fork (Diagram 11).  

During DNA replication, the cruciform structure could be formed ahead of the replication 

fork (Figure 11B). Therefore, it is possible both leading and lagging strand synthesis are 

interrupted within the 246 bp palindrome sequence (Figure 11C and D). However, the cruciform 

structure formed from the palindrome sequence would not necessarily cause an absolute block 

of DNA replication fork, instead it could slow down the DNA replication fork. As the dimeric 

Polymerase III approaching the cruciform structure, leading strand Polymerase III would be 

paused by the hairpin structure formed on the leading strand template (Figure 11C). 

Subsequently by the strand displacement activity of leading-strand Polymerase, the hairpin 

structure could be replicated (Figure 11D). On the other hand, hairpin structure formed on the 

lagging strand template is probably unwound by the DNA helicase and thereby lagging strand 

Polymerase III could continue to synthesize the lagging strand (Figure 11C and D). As a result, 

both Polymerase IIIs would be able to continue the chain elongation after passing through the 

palindrome sequence (Figure 11E).  

I suggest that cruciform structure is formed during DNA replication and affect both the 

leading and lagging strand synthesis. The possibility of cruciform-extruded template used in 

the in vitro oriC replication assay is precluded as it has already been confirmed that the 

palindrome-containing pIR246 plasmid DNA is cruciform free. Instead a cruciform structure 

seems to be formed during DNA replication presumably due to the action of DNA gyrase. 

During DNA replication, strand separation of the DNA duplex for chain elongation will 

generates some torsional stress (positive supercoiling) in front of the replication fork. This 

torsional stress needs to be released in order for further chain elongation in front of the 

replication fork. DNA gyrase is the enzyme involved in introduction of negative supercoiling. 
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Hence, DNA gyrase functions in releasing the torsional stress accumulate in front of the 

replication fork. Under this circumstance the reaction of DNA gyrase to introduce the negative 

supercoiling may facilitate the formation of cruciform structure as the formation of cruciform 

structure is favored in the presence of negative supercoiling. (Figure 11A and B) 

It has been known that negative superhelical density is an essential factor for stabilizing 

most of the non-B structures, including cruciform structure. Napierala et al. (2005) has 

suggested that increased negative superhelical density in vivo enhances the genetic instability 

of triplet repeat sequences due to the conformation of non-B DNA structure-forming repeat. 

Thus, the involvement of DNA gyrase in releasing the torsional stress in front of the replication 

fork by introducing the negative supercoiling would cause the extrusion of cruciform structure. 

As a consequence of this phenomenon, hairpin structure should be present not only on lagging 

strand template but also on the leading strand template.  However, further experiments need 

to be carried out to confirm the involvement of DNA gyrase in inducing the cruciform structure 

from the palindrome sequence. 

Results obtained in this study are now providing a new insight how palindrome sequence 

affects DNA replication. I found that both leading- and lagging-strand synthesis are affected 

within the 246 bp palindrome sequence probably due to the formation of cruciform structure 

dependent on DNA replication. However the DNA replication machinery itself can overcome 

the cruciform structure probably involving the DNA helicase to unwind the hairpin structure on 

lagging-strand template and the strand displacement activity of Polymerase III to overcome the 

hairpin structure on leading-strand template. Previous studies have suggested that palindrome 

sequence is not able to be maintained in the presence of SbcCD due to the cleavage of hairpin 

structure by SbcCD protein. However this inviability of palindrome sequence is overcome when 

in the absence of SbcCD nuclease. The in vivo study by Cromie et al. (2000) suggested that 

when in the absence of SbcCD, RecQ helicase is involved in the palindrome viability in a sbcC 

mutant. The involvement of RecQ with the helicase activity is suggested to unwind the 
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secondary structure and allow the replication to pass through the palindrome sequence. Thus, it 

is suggested that in the sbcC mutant, a helicase-dependent pathway exists to allow replication 

bypass of secondary structures.   

As a conclusion, I propose that genome instability stimulated by the palindrome sequence 

is dependent on DNA replication. This is probably due to the formation of cruciform structure 

by the action of DNA gyrase during DNA replication. 
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Figure 11 Model mechanism of DNA replication machinery when there is presence of palindrome sequence. (A) During DNA replication, 

torsional stress is accumulated ahead of replication forks due to the strand separation. (B) DNA gyrase involved in releasing the torsional stress by 

introducing negative supercoiling causes the extrusion of cruciform structure ahead of replication fork. (C) This cruciform structure affects both 

the leading and lagging strand synthesis. (D) Strand displacement activity involved to overcome the hairpin on the leading strand template. On the 

lagging strand synthesis, DNA helicase may involve to unwind the hairpin structure on the lagging strand template. (E) Consequently, both leading 

and lagging strand polymerases are now able to continue the chain elongation after passing through the palindrome sequence. Blue and red lines 

with arrowhead represent the leading and lagging strand synthesis, respectively. Thin black line represents the DNA template. The thick green line 

with arrowhead indicates the palindrome sequence. Orange and purple circles represent the DNA polymerase and DNA helicase. 
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