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ABSTRACT 

Encounter of T7 Replisome with Abasic DNA Lesion 

Lubna Alhudhali 

 

In order to monitor the T7 replisome fate upon encountering abasic lesion, I optimized 

a single molecule flow stretching assay where the replisome encounters either abasic site 

or undamaged site inserted at 3.5 kilobases from the replication fork.  The obtained events 

were categorized into three groups; bypass, restart and permanent stop. The results showed 

52% bypass, 39% pause and 9% stop upon encountering the abasic lesion. The pause 

duration in the restart events was found to be ten times longer than the undamaged one. 

Moreover, an ensemble experiment was performed, and the results were slightly consistent 

with regard to the bypass percentage (70%) but the stoppage percentage was significantly 

higher in the ensemble replication reaction (30%). Further investigations were made and it 

was found that the rate of the T7 replisome increases after bypassing the abasic lesion. To 

inquire more about this rate switch and the difference between the single molecule and 

ensemble results, another unwinding experiment was performed where only gp4 (helicase) 

was used from the replisome. Interestingly, the rate of DNA unwinding by gp4 was similar 

to the rate observed after the replisome bypasses the lesion. We hypothesize that the 

polymerase is stalled at the abasic site and its interaction with the helicase is lost. 

Consequently, the helicase and the polymerase will uncouple where the helicase continues 

unwinding the DNA to result in a higher observed rate after bypassing the abasic site. 

Additional studies will be performed in the future to directly observe the helicase and 

polymerase uncoupling upon encountering the lesion.   
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CHAPTER 1  

1.1 General introduction 

1.1.1  Mechanisms of DNA replication  

In order for the cell to maintain its division and transmits its genetic material to daughter 

cells, genomic DNA should be replicated in an accurate and an efficient way to give rise 

to two identical double-stranded DNAs (dsDNA). DNA replication is a semiconservative 

process, meaning that each newly synthesized dsDNA contains one parental strand pairing 

with one daughter strand. The biological significance of this semiconservative nature is to 

ensure that the genetic information is copied with minimal error rate. 

DNA replication is mediated by a multiprotein complex termed the “replisome”. The 

replisome coordinates a set of highly conserved activities [1],[2],[3]. The first of these is a 

ring-structured protein called DNA helicase, which is loaded at the origin of replication 

(ori). The helicase encircles the lagging strand and uses the energy from nucleotide 

hydrolysis to translocate on it and displace the complementary strand. This gives rise to 

two separated single-stranded DNA (ssDNA) and hence forms the replication fork [4]. The 

primase activity synthesizes a short piece of RNA oligonucleotide to provide the 3’ 

hydroxyl group that is required to initiate the DNA synthesis by the DNA polymerase, the 

third activity [5]. Due to the anti-parallel nature of the parental DNA strands and the 

unidirectional movement of DNA synthesis (5’à3’), the leading strand is replicated 

continuously in the direction of the replisome movement while the lagging strand is 

replicated discontinuously in opposite direction of the replisome in form of short Okazaki 

fragments (OF) (Figure.1.1) . Synthesis of each OF requires synthesis of a new RNA primer 

that is handed off to the lagging strand polymerase for extension. The fourth activity is the 

ssDNA binding protein which coats any transiently exposed ssDNA and enhances the 

activities of the polymerase, primase and primer handoff to the lagging strand polymerase. 

Finally, upon removal of the RNA primer, the DNA ligase forms a phosphodiester bond 

between the hydroxyl group of the new OF and the phosphate group of the proceeding OF 

to form the contiguous lagging strand  [6],[7]. 
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Figure 1.1: The difference between DNA replication on the leading strand (continuous) 

and on the lagging strand (discontinuous).  

1.1.2 T7 Replisome structure and function   

Bacteriophage T7 is a lytic virus that mostly infects Escherichia coli (E. coli). It is 

encoded by a linear dsDNA genome with 39,936 bp in length which is divided into three 

classes with different genes ( Figure 1.2) [8]. From replication perspective, bacteriophage 

T7 replisome is one of the most well-studied and simplest replication system, since only 

four proteins are required to mediate an efficient replication (Figure 1.3) [9],[10]. The 

polymerase (gp5), helicase/primase (gp4) and ssDNA binding protein (gp2.5) are encoded 

by the T7 bacteriophage itself from Class II region and the fourth protein is Thioredoxin 

(trx) that is encoded by the trxA gene from E. coli and acts as a processivity factor for gp5 

[11, 12], [3], [13].  

Figure 1.2: Genetic map of bacteriophage T7 genome divided into three main classes, 

the genes essential for DNA replication are located within Class II. Figure obtained from 

[14]. 
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Figure 1.3: Bacteriophage T7 replisome composed of four proteins: the polymerase gp5 

(purple) in complex with E. coli thioredoxin (trx), the gp4 helicase (blue) and gp4 primase 

(yellow), and the ssDNA gp2.5 (green). 

1.1.2.1 Polymerase Gp5/thioredoxin 

Gp5 polymerase (80 kDa) is  responsible for DNA synthesis and is encoded by gene 5 

of T7 bacteriophage [15]. The crystal structure of gp5 resembles the conserved right-hand 

feature seen in other polymerases. In this feature, the palm domain contains the 

polymerization and exonuclease activities, the finger domain binds the template strand and 

the incoming dNTP and the thumb domain holds the dsDNA [16]. Moreover, gp5 forms a 

1:1 complex with the E. coli trx at the thioredoxn binding domain (TBD), a 76 amino acids 

loop at the tip of gp5 thumb (Figure 1.4 A). The equilibrium dissociation binding constant 

(KD) of gp5 and trx is 5nM [17]. In the absence of trx,  gp5 adds only 1-50 nucleotides 

before it dissociates from the primer-template. However, trx binding enhances the affinity 

of gp5 to the DNA by structuring the TBD, where basic residues in TBD point towards and 

interact with the dsDNA. This enhances the affinity and lifetime of gp5 to the DNA and 

increases its processivity by nearly hundred folds (Figure 1.4 .B) [17],[18].  

 

 

 



 12 

 

 

Figure 1.4: A) A crystal structure of gp5 (blue) with trx (brown) bounded to the TBD 

of gp5’s thumb. B) Illustration of gp5 conformational change after its binding to trx. Figure 

obtained from [18]. 

1.1.2.2  Helicase-primase (Gp4) 

Gp4 is a bifunctional motor protein assembled as a hexameric ring-like structure that 

encircles the lagging strand during DNA replication. The C-terminus domain of gp4 (272–

566) encodes for the helicase domain that uses the energy of dTTP hydrolysis to translocate 

on the lagging strand in the 5’à3’ direction and displace the complementary leading 

strand. The N-terminus domain (1-245) encodes for the  primase activity that is responsible 

for catalyzing the synthesis of each Okazaki fragments [19],[20],[21]. The primase 

recognizes a tetra-nucleotide sequence at the beginning of each OF segment to synthesis a 

tetra-ribonucleotide primer that initiates the lagging strand DNA polymerase activity [22]. 

The helicase and primase domains are connected by a linker of 26 residues [19], [20], [21]. 

The primase itself is composed of two subdomains connected together by flexible linker of 

11 amino acids (Figure 1.5A). The Zinc binding domain (ZBD) located at the N-terminus 

of the primase polypeptide participates in RNA sequence recognition, while the RNA 

polymerase domain (RPD) located at the C-terminus catalyzes the synthesis of the primer 

(Figure 1.6) [20], [23],[24]. The presence of both the helicase and the primase on the same 

polypeptide enhances the primase affinity to the DNA; the primase alone has a KD of 10–
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150 μM [25] ,[24]. However, upon the presence of the helicase the dissociation constant 

decreased to ~10 nM [21]. Moreover this association helps the primase to search the 

extruded ssDNA behind the moving helicase for its recognition sequence [26]. Finally, this 

association may also play a role during primer synthesis since the primase has been shown 

to act in trans mode where the ZBD from one primase interacts with the RPD from adjacent 

primase [27].  

 
Figure 1.5: A) Crystal structure illustrating the helicase and the primase domains 

including the RNA polymerase (RPD) and Zinc binding domain (ZBD) of the primase that 

are attached via the corresponding linkers, B) Crystal structure of the hexameric gp4 and 

the nucleotide binding site, the figure obtained from [28].   

Figure 1.6: A) Crystal structure illustrating the primase domain and ZBD, B) illustrate 

the sequence recognition and primer synthesis by gp4 [24]. 



 14 

Studies showed that there are two types of gp4 protein encoded by gene 4 of T7 

bacteriophage with a ratio of 1:1. The first one has a molecular weight of 63-kDa translated 

from the full length gene. The second has a molecular weight of 56-kDa since it lacks the 

ZBD due to translation frameshift that initiates from an internal starting codon located at 

189 bp from the 5’ end of the gene [8],[20], [27]. It is proposed that the 56-kDa form is 

more important in initiating DNA replication than the 63-kDa gp4, since its 

oligomerization is more improved due to the absence of the ZBD that may increase the 

steric hindrance among the gp4 subunits [23].   

 

1.1.2.3 Gp2.5 Single stranded DNA binding (SSB) protein 

 Gp2.5 (25.7 kDa) is the ssDNA binding protein that plays multiple roles during DNA 

synthesis [14]. The crystal structure shows gp2.5 as a dimeric protein where each monomer 

has a conserved oligonucleotide binding fold (OB fold) that in turn contains an aromatic 

residue that stacks the ssDNA bases. Studies showed that mutating residues in the OB fold 

decreases the affinity of gp2.5 to ssDNA (Figure 1.7. A)  [29], [30], [[31]. 

Figure 1.7: A) Crystal structure of gp2.5 protein, B) crystal structure of gp2.5 showing 

the C terminal tail sequence with the terminal phenylalanine, both Figures obtained 

from[14].   

Another essential feature of gp2.5 structure is its 28 amino acid C-terminal tail, 

especially the acidic residues and the terminal residue phenylalanine, which is important 

in its interaction with the replisomal proteins as well as ssDNA (Figure 1.7.B)  

[32],[33],[34], [35]. Interestingly, gp4 also contains a C-terminal tail that is acidic and 
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contain terminal phenylalanine residue. Both gp2.5 and gp4 uses their C-terminal tails to 

interact with the TBD of gp5 [36],[37],[38]. Furthermore, studies found that the 

substitution of the phenylalanine in both proteins disrupt their interaction with gp5 [14], 

[39], [33].  

Gp2.5 also plays a role in homologous DNA annealing, DNA recombination and repair 

as well as packing the genome into virion. However in DNA replication, gp2.5 coats the 

ssDNA and protects it from nucleases as well as it removes potential secondary structure 

during lagging strand synthesis which in consequence accelerates the rate of both 

polymerase and helicase [14]. It also enhances the primer synthesis and its handoff to the 

lagging strand polymerase [40]. It is therefore an indispensable protein for coordinating 

leading and lagging strand synthesis. 

1.1.3 T7 Leading strand synthesis and polymerase-helicase 

interaction  

Initiation of DNA replication requires the loading of the ring-shaped gp4 helicase onto 

ssDNA. To achieve this, gp4 should undergo a disassembly and assembly mechanism to 

allow the loading of its central channel onto the lagging strand. Two ring opening and 

loading models were investigated. In the first model, the ring opening is mediated by a lock 

washer conformation of gp4, where two adjacent helicase domains separates apart leading 

to the ring opening [3], [41]. The second model proposes change in the oligomerization 

state of gp4 to mediate ring opening. Gp4 exists in solution as both hexameric and 

heptameric protein and when bound to ssDNA as hexameric protein. Therefore, it has been 

proposed that upon gp4 binding to ssDNA, one of the subunits in the heptameric form 

changes its conformation and disassociates from the neighboring subunits, leading to ring 

disassembly and assembly as illustrated in (Figure 1.8) [3],[28].    
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Figure 1.8: A schematic illustration of the disassembly and assembly of gp4 upon 

ssDNA binding, The figure obtained from [28]. 

The mechanisms of coupling nucleotide hydrolysis with translocation on ssDNA and 

unwinding of dsDNA has been under intensive investigation. Two models merged from 

this work: the passive model proposes that the thermal energy will open the dsDNA 

junction and the helicase translocate to prevent the reannealing of the two separated strands 

[42], and the active model proposes that the helicase uses the energy of nucleotide 

hydrolysis to actively disrupt the  base pairing [43].  

The coupling of the helicase and the polymerase is critical for coordinating DNA 

unwinding and primer extension. The interaction between the gp5/trx and gp4 is the most 

well characterized among replication systems. There are mainly two different interaction 

modes which depends on whether the polymerase is attached to the DNA or not. The first 

is an electrostatic mode between the acidic C terminal tail of gp4 and basic residues on 

loops on the TBD of gp5 [36],[39]. This binding mode is believed to be important for 

initiating the formation of the leading strand complex and retaining the polymerase in the 

event it falls off the DNA during leading strand synthesis [44]. However upon the 

polymerase loading onto the primer/template, it synthesizes the DNA without the 

interaction between the C-terminal tail of gp4 and TBD of gp5 [44],[45]. The two binding 

modes are responsible for achieving process DNA synthesis. The polymerase often fall of 

the DNA and requires the electrostatic binding mode to remain bound to the helicase, which 

allows it to rebind the primer/template and resume DNA synthesis [44]. Interestingly, 

during DNA synthesis, gp4 can bind a backup polymerase via the electrostatic interaction 

mode [44]. This allows the bound polymerase to exchange with the replicating polymerase 

during DNA synthesis (Figure 1.9) [44], [46, 47]   
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Figure 1.9: A schematic drawing of the modes of interactions between gp4 and gp5 

during DNA synthesis (left panel) or exchange of DNA polymerase (right panel). The 

figure is adapted from [33].  

1.1.4 T7 Replisome response when encountering different DNA 

lesions  

The DNA is under continuous assault from DNA damaging agents. The replisome 

therefore will regularly encounter various lesions. These lesions will either reduce the 

replication fidelity where the polymerase miss incorporate a dNMP or lead to replisome 

stop and collapse [48]. Three different pathways are proposed to restart DNA synthesis 

when encountering lesion at the leading strand. The first is fork reversal, where the 

replisome uses the nascent lagging strand as a template to facilitate the leading strand 

extension [49]. In the second model, the replication fork skips the lesion leaving a gap and 

restart DNA synthesis from a primer downstream the lesion [50]. The third pathway, a 

translesion polymerase temporarily replaces the replicative polymerase and continue DNA 

extension since the active site of the former one can accommodate several lesions [51].   

 Several studies investigated the T7 replisome behavior upon encountering different 

lesions. First, the nick lesion or single phosphodiester bond interruptions which is one of 

the widely occurring damage since it might be caused by either endonuclease activity, 

recombination during the repair process or two adjacent Okazaki fragments [52]. Here, the 
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replisome was found to bypass the nick when both polymerase and helicase interact 

together because the polymerase prevents the helicase from falling off when it encounters 

the nick site. However, this lesion cannot be bypassed when either of these proteins are 

alone [53]. Another predominant lesion is cis-syn cyclobutane pyrimidine dimer (CPD) 

that is caused by ultraviolet and ionizing radiation [54]. It was found that gp5 alone cannot 

overcome this lesion. However upon its interaction with the gp4, gp5 can bypass the lesion, 

as detected by both single molecule and ensemble assay, since the central channel of the 

helicase can accommodate the lesion without any obstacles [55]. In addition, 7,8-diehydro-

8-oxo-2’-deoxyguanosine (8-xoG), O6-methylguanine (O6-MeG) [56] and multiple 

ribonucleoside monophosphates (rNMPs) lesions did not affect the replication fork 

movement [57]. However, research on abasic site as a result of removing of purine or 

pyrimidine base is remained largely unexplored. Recent study shows that upon helicase-

polymerase interaction the replication fork stalled more at the abasic site relative to the 

polymerase alone [58]. In this thesis, I aim to study the encounter of the replisome by abasic 

lesion on the level of single molecule to provide detail understanding of the fate of the 

replisome upon encountering abasic lesion.  

 

1.2 Introduction to the research:  

1.2.1 Objectives 

This thesis aims to probe the fate of the T7 replisome upon encountering abasic lesion, 

and to investigate the effect of this lesion on polymerase-helicase physical interaction. The 

single molecule flow stretching assay is used to monitor the leading strand synthesis of 

individual DNA in real-time.  

1.2.2 About this thesis 

To achieve the objectives of this thesis, I designed three different DNA templates with 

either abasic site, TerB sequence or undamaged site inserted at 3.5 kb from the replication 

fork. Then I monitored the real-time synthesis of the corresponding leading strand by using 

a single molecule flow stretching assay. From the obtained trajectories, I categorized the 

events of each substrate into three groups: bypass, restart and permanent stoppage. I 
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quantified the pause duration and the rate of synthesis before and after the lesion site. 

Surprisingly, I found that the replisome prefers to bypass the lesion either by incorporating 

dNMP or by uncoupling the helicase and the polymerase. 

 

1.2.3 The strength of single molecule imaging to study DNA 

replication and other processes 

There is a strong interest in using single molecule techniques to study different 

biological processes, including DNA replication, transcription and translation. Because of 

its ability to monitor the behavior of an individual molecule in real-time, information on 

intermediary steps can be extracted. This helps us to understand the mechanisms and the 

kinetics of the biological processes. These details usually cannot be retrieved by ensemble 

assay, which gives only an average output of the molecules in the reaction.  

To emphasize more, single molecule technique can detect in details the dynamics and 

the interactions of molecules within the context of the biological processes. Moreover, the 

protein’s stoichiometry inside a complex and its association- and disassociation-rate can 

be determined. The real-time detection nature of the single molecule techniques can also 

help in understanding the sequential steps of the various transient and intermediate events 

of a biological process [59],[60],[32]. This information can be obscured in ensemble assays 

due to the unsynchronized nature of the molecules during the reactions.  

From DNA replication perspective, the real time trajectories of DNA synthesis gives 

direct access to the rate of synthesis, processivity and pause duration. This method was 

used previously to study the enzymatic activity of the replication fork components [46], 

[69] and unraveled the dynamics of their interactions during synthesis [61], [35]. In 

addition, it allowed the observation of the primosomal and replication loops during lagging 

strand synthesis[62],[63],[64]. It also detected various pauses/termination during DNA 

synthesis such as: pausing of the leading strand during primer synthesis [65] and replication 

termination of E. coli when encountering the Tus-Ter complex [66]. It also allowed the 

investigation of the dynamics of the proofreading activity of the polymerase when strand 

exciton occurs [67].  
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1.2.4 Single-molecule DNA flow stretching assay 

Monitoring DNA synthesis by single molecule DNA flow stretching assays has been 

routinely used to study the activity of the replisome. In this assay, one end of the DNA 

template is tethered to a functionalized coverslip via biotin/streptavidin link and the other 

end to a polyester bead via digoxigenin/anti-digoxigenin link (see method 2.2.1). The DNA 

and functionalized coverslips are assembled within a microfluidic flow cell. The DNA is 

stretched by a laminar flow, which is applied by flowing the buffer into the flow cell using 

a syringe pump. (Figure 1.10). An air spring is placed between the syringe pump and the 

flow cell to help in reducing the fluctuations caused by the laminar flow. The flow cell is 

placed on an inverted microscope and the DNA length is monitored indirectly by recording 

the movements of the beads via CCD camera. 

Two forces participate in stretching the surface-tethered DNA, first the laminar flow 

which exerts a drag force against the beads and second paramagnetic force (sub-

piconewton) that lifts up the beads and avoid any bead/surface interaction. At a regime 

force less than 6 pN, the length of ssDNA is shorter than dsDNA. This difference in length 

allows following enzymatic activities that interconvert between the ssDNA and dsDNA 

form.  

Figure 1.10: a). Flow-stretching bead assay setup is composed of; pump, inverted 

optical microscope, air spring, magnet, fiber light, CDC (A charge-coupled device) camera 

and the connected computer. 
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Figure 1.11: A worm-like chain model showing the difference in length between 

dsDNA and ssDNA at applied stretching forces [68].   

 

The theory behind the difference in length between ssDNA and dsDNA at different 

stretching forces is largely explained by describing the DNA elastic properties using the 

worm-like chain (WLC) model. To investigate this model, scientists stretched the DNA by 

applying different forces on the beads and monitoring the relationship between the exerted 

force (pN) and the extension length (µm) of both ssDNA and dsDNA. The persistence 

length as a single parameter was used to characterize the DNA polymer. This model treats 

the DNA as flexible rod which shows smooth, random bends as results of thermal 

fluctuations. The energy required to bend a stretch of DNA is proportional to the 

persistence length, which is different between dsDNA (~50 nm) and ssDNA (0.8-3nm) 

[69] [70]. The smaller persistent length of ssDNA makes it more flexible and therefore it 

adopts a randomly coiled structure with end-to-end distance shorter than the contour length. 

According to the WCL model, ssDNA is shorter than dsDNA at regime forces less than 6 

pN (Figure 1.11). As results, the flow stretching assay can be used to monitor the activity 

of any enzyme that converts one form to another[71].      
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CHAPTER 2   

Materials and Methods 

2.1 Materials:  

2.1.1. DNA substrate preparation 

In order to prepare the three 13.5 kb dsDNA templates containing undamaged site, TerB 

sequence or abasic site, the following products were purchased from New England Biolabs 

(NEB):  

• Bacteriophage Lambda (λ) DNA. 

• Restriction Enzymes ApaI, EcoRI and HindIII. 

• T4 DNA Ligase and its corresponding 10X buffer: 500mM Tris-HCl, 100mM 

MgCl2, 10mM ATP, 100mM DTT.  

• T4 Polynucleotide kinase (PNK) and its corresponding 10X buffer: 700mM Tris-

HCl, 100mM MgCl2, 50 mM DTT. 

•  Taq PCR kit. 

 

Moreover, the primers were used to obtain the desired fragments were purchased from 

Integrated DNA Technologies (IDT) and purified by polyacrylamide gel electrophoresis 

(PAGE) (Table 2.1):  

 

Table 2.1: List of the primer names and sequences used to construct the three substrates.  

Template parts Primer’s name Sequence (5’à3’).  

Replication fork Biotinylated fork arm primer Biotin-

AAAAAAAAAAAAAAAAGAGTAC

TGTACGATCTAGCATCAATCACA

GGGTCAGGTTCGTTATTGTCCAA

CTTGCTGTCC 
Fork arm primer [Pho]AGCTGGACAGCAAGTTGGA

CAATCTCGTTCTATCACTAATTC

ACTAATGCAGGGAGGATTTCAG

ATATGGCAGTAC 
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Complementary fork arm primer  TGCCATATCTGAAATCCTCCC 

3.5 kb fragment 3.5kb forward primer /5CY3/TAGCCACTGTCTGTCCTGA

ATTCATTAGTAATAGTTACGC 
3.5 kb reverse primer. CGTAAGCTTTCGGATCACCGGAA

AGGACC 
Undamaged insert Undamaged forward primer CAAGTCACCACGACTGTGCTATA

AAAGAATTCTGTTGTAACTAAAG

TGGTTAATATTATGGCGCGTG 
Undamaged reverse primer /5PHOS/AATTCACGCGCCATAAT

ATTAACCACTTTAGTTACAACAG

AATTCTTTTATAGCACAGTCGTG

GTGACTTGGGCC 
 

Abasic lesion Abasic forward primer CCCTCTAGAGGCGCGCCGGACA

TGTAAXAACCATGGGAGACCGG

GTACCCCC 
Abasic reverse primer AATTGGGGGTACCCGGTCTCCCA

TGGTTAATTACATGTCCGGCGCG

CCTCTAGAGGGGGCC 
TerB sequence  TerB forward primer AACGCGCCATAATATTAACCACT

TTAGTTACAACATACTTATTTTA

TAGCACAGTCGTGGTGACTTG 

 TerB revers primer AATTCAAGTCACCACGACTGTGC

TATAAAATAAGTATGTTGTAACT

AAAGTGGTTAATATTATGGCGCG

TTGGCC 

9.9 kb Fragment 9.9 kb forward primer. AGCTGGATAACAATTTCACACA

GGAAACAGCTATGACCATGATT

ACGAATTCGA 
9.9 kb reverse primer.  /5DigN/CATTCAGAACTGGCAGGA

ACAGGGAATG  
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2.1.2 Polystyrene beads functionalization  

To obtain a functionalized bead with anti-digoxigenin antibody (Fab antibody), the 

following components were used;   

• Paramagnetic beads with a diameter of 2.8 μm were purchased from (Dynal). 

• Antibody solution (Invitrogen α-digoxigenin Fab 1 mg/mL). 

• Buffer A: 0.1 M H3BO3, pH 9.5.  

• Buffer B (1× PBS): 137 mM NaCl,10 mM Na- phosphate, 2.7 mM KCl, pH 7.4, 

0.1 % w/v BSA.  

• Buffer C: 0.2 M Tris–HCl, pH 8.5, 0.1 % w/v BSA.  

• Magnetic separator.  

• Rotator.  

 

2.1.3 Coverslip functionalization  

In order to functionalize the glass surface of the coverslip and allow the attachment of 

the 13.5 kb substrate, the following products were used:   

• Staining Jars. 

• Glass coverslip with (dimension).  

• 100% Ethanol.  

• 1M of Potassium hydroxide. (KOH)  

• 100% Acetone. 

• 3-aminopropyltriethoxysilane.   

• Functionalized PEGs, succinimidyl propionate-PEG (M-SPA-5000) and Biotin-

PEG-CO2NHS-5000 (NektarTM).   

• PEG-coupling buffer: 100 mM NaHCO3, pH 8.2.   

• Oven (110°C).   

• Bath sonicator.  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2.1.4 Microfluidic flow cell construction   

To assemble the flow cell, the products below were used:  

• Blocking buffer (1×): 20 mM Tris–HCl, pH 7.5, 2 mM EDTA, 50 mM NaCl, 1 

mg/mL BSA, 0.025% Tween-20.  

• Quartz slide with a dimension of 2x5 cm containing four holes.  

• Double-sided tape (Secure-SealTM, Grace BioLabs).  

• Four tubes with a length of 25 cm (Intramedic PE60, Becton Dickinson).   

•  Quick dry epoxy. 

• Streptavidin (Sigma S4762), 1 mg/mL in PBS, pH 7.3.  

• Vacuum desiccator.  

• Razor.  

2.1.5 Experimental setup  

The setup used in the single molecule flow stretching assay was composed of:  

• Inverted optical microscope (OlympusIX-51) with10×objective.  

• Permanent rare-earth magnet (National Imports).  

• Syringe pump (Harvard Apparatus 11 Plus).  

• 5-mL syringe with 21-gauge needle.  

• OSL1 fiber illuminator (ThorLabs). 

• Charge-coupled device (CCD) Camera (Q-Imaging Rolera Fast). 

• Computer. 

2.1.6 Experiment and data analysis  

The reaction buffer tubes were used to perform the T7 replication contains the following:   

• T7 replication Buffer: (40 mM Tris–HCl, pH 7.5, 50 mM K-glutamate, 2 mM 

EDTA, 100 μg/mL BSA, 5 mM DTT, 600 μM dNTPs). 

• Gp5/Thieoredoxin and Gp4 (hexameric) proteins were purified by Dr.Masateru 

Takahashi and Yujing Ouyang.   
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Finally, the following software were used to have a real time DNA replication;   

• MetaVue, Molecular devices: Imaging software 

• Diatrack Semasopht: Particle tracking software.  

• MatLab, Mathworks: Trajectory extraction and correction software. 

• Origin, Originlab: Graphing and analysis software.   

2.2 Methods 

2.2.1 DNA template preparation  

To observe the fate of the T7 replisome when encountering lesion on the leading strand, 

three different DNA templates were prepared each of them is composed of four fragments. 

These DNA templates have three same fragments (Figure 2.1): a replication fork that 

contains a biotinylated arm to allow the attachment of the template to the functionalized 

coverslip (part 1), a 3.5 kb fragment (part 2), and a 9.9 kb fragment that contains the 

digoxigenin where the Fab antibody of the functionalized beads will bind (part 4).  

However, they only differ in the insert (part 3) that contains undamaged site, non-

permissive TerB sequence or abasic site (Figure 2.1). 

 

Figure 2.1: A schematic illustration of the four parts of the three DNA tethered 

templates; undamaged, abasic and non-permissive TerB site.  

 

 



 27 

 First, 3.5 kb and 9.9 kb fragments were amplified from the commercial bacteriophage 

Lambda (λ) DNA, 48,502 base pairs in length. The 3.5 kb and 9.9 kb fragments were 

generated using the corresponding 3.5 kb and 9.9 kb forward- and reserve-primers (see 

Table 2.1 in Materials for primers sequences). These amplification steps were performed 

by using Taq PCR kit. The reaction conditions for both fragments were as follow: 5 μl of 

10X KOD Hot buffer, 5 μl of 2 μM dNTP, 3 μl of 25 mM MgSO4, 1 μl DNA template, 

1.5μl of each primer, 31.5 μl PCR ultrapure water, 2.5 μl Dimethyl sulfoxide (DMSO) and 

1 μl KOD polymerase to obtain a reaction volume of 50 μl of each fragment. Later, the 

thermocycler conditions used for both fragments were similar except in the duration of the 

extension step. First, I applied a denaturation step with a temperature of 95°C for 2 min in 

the initial step and for only 30 sec for the subsequent 30 amplification cycles. Second, an 

annealing step with a temperature of 65 °C for 20 sec took place. Finally, the extension 

step with a temperature of 70 °C for 1min 55 sec and 4min 10s for 3.5kb and 9.9 kb 

respectively was performed. After the PCR amplification, the products were loaded onto 

1% agarose gel and then observed under Ultraviolet light to confirm the required length of 

each fragment (Figure 2.2). The correct products were purified from the gel by QIAquick 

Purification Kit. 

Figure 2.2: 1% Agarose gel electrophoresis of the substrate fragments (a) and the whole 

construct (b). In (a), lane 1: kb plus ladder, lane 2: 3.5 kb fragment, lane 3: 9.9 kb fragment; 

the fragments are running slower than in the ladder due to their high abundance. In (b), 

lane 1: 1 kb plus ladder and lane 2: 13.5Kb construct; the lower band refers to the remaining 

un-ligated fragments of the 3.5 kb fragment.  
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The ligation of the four parts shown in Figure 2.1 was performed using our previously 

developed strategy [66], [72]. Briefly, the obtained 3.5 kb fragment was first digested with 

EcoRI restriction enzyme (RE) and then ligated to the designated inserts that were 

phosphorylated and prepared by annealing the two corresponding primers (see table 2.1 in 

materials section). The resulting products (3.5 kb + insert) were run on the gel to remove 

un-ligated fragments and purified using Qiagen purification kit. This latter product was 

then phosphorylated using T4 Polynucleotide Kinase (PNK) to allow its ligation with the 

9.9 kb fragment. Before ligation, the 9.9 kb fragment was first digested with ApaI RE to 

generate an overhang that allows its attachment to the phosphorylated 3.5 kb/insert.  

The generated 13.5 kb construct was first digested with HindIII RE to generate an 

overhang compatible with the leading strand primer. The digested product was then 

annealed to a preassembled replication fork containing primer for the polymerase and 

ssDNA for loading the helicase, and biotin for anchoring the DNA to the glass coverslip. 

Hence, the final construct will be ready to be flown in single molecule flow stretching 

assay.   

 

2.2.2 Polystyrene bead functionalization  

In order to attach the beads to the digoxigenin on the substrate, commercial 

paramagnetic beads with a diameter of 2.8 μm were functionalized by an anti-digoxigenin 

antibody [73]. First, the purchased stock was vortexed, and the beads were separated from 

the solution by using the magnetic separator. Then 1ml of buffer A (see Materials 2.1.2) 

was added to the beads mixed and separated again which activates the tosyl groups to 

facilitate the bounding of the antibody. Next, both Buffer A (0.4ml) and Fab solution (240 

μl) were added to the beads and incubated for 24 hours at 37 °C. Later the beads were 

separated again from the solution and 1 ml of Buffer B was added and incubated for 5 min 

at 4 °C. The beads were then separated and this later step was repeated again without any 

incubation. Next, 1 ml of buffer C was added and incubated for 4 hours at 37 °C in order 

to block the activated tosyl groups. Buffer C was later removed after incubation and 1 ml 

of Buffer B was added again and incubated for 5 min at 4 °C and then removed. Finally, 
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the Buffer B was added one more time and mixed with the beads to be aliquoted and stored 

for future use.  

 

2.2.3 Coverslip functionalization 

To allow the attachment of the substrate to the coverslip surface and to avoid any 

nonspecific interactions of the proteins with the surface, a commercial coverslip was 

functionalized with aminosilane first then biotin-bearing poly(ethylene glycol) (PEG) [73], 

[74], this was achieved as follows. First, three times cleaning cycles took place in order to 

remove any hydrophobic or hydrophilic contaminants on the slide. The commercial 

coverslips were placed into staining jars, then an absolute ethanol was added and sonication 

was applied for 30 min. The coverslips were then washed with ultrapure water. Next, 1M 

of KOH was added to the staining jars and sonicated for 30 min. The coverslips were then 

washed three times with ultrapure water to ensure their cleanness. However, because the 

salinization reagents can be easily hydrolyzed in the presence of water, the coverslips, the 

jars and the lids were later washed three times with absolute acetone, then sonicated for 10 

min to remove all the water traces. The salinization step took place by adding a prepared 

solution of 2% of 3-aminopropyltriethoxysilane (primary amine alkoxy silane) in acetone 

to the jars and incubated for 20 min. Then, the reaction was quenched by quickly adding a 

continuous flow of water with a volume 10 times more than the jar’s to allow a rapid 

solvent exchange. The coverslips were then dried by placing them in an oven with 110 °C 

temperature for 30 min. The PEG functionalization step took place by dissolving 75:1 ratio 

of methylated (M-SPA-5000) and biotinylated (Biotin-PEG-CO2NHS-5000) PEG in 0.1M 

of Sodium bicarbonate (NaHCO3) with PH 8.6. This mixture was added to the salinized 

surface of the coverslips and incubated for overnight. Finally, the incubated coverslips 

were washed with ultrapure water, dried and stored under vacuum for future use. 

2.2.4 Microfluidic flow cell construction  

To construct the microfluidic flow cell (Figure 2.3), first the four holes’ quartz slide was 

cleaned with acetone and ethanol to remove any contaminants. Then the double-sided tap 

was cut in a shape of a double Y with a 3mm channel width. The tape was carefully placed 
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on the quartz slide taking in consideration not to block the holes. Next, the previously 

described functionalized coverslip was applied on the other side of the tape and four tubes 

of 25 cm in length were inserted into the holes. This assembly was later fixed by applying 

epoxy to the edges of the microfluidic flow cell and the holes to avoid any leakage. After 

the epoxy glue dried, streptavidin (0.25 mg/ml) was flown throw the channel and incubated 

for 5 min. To avoid any nonspecific interactions, the channel was incubated with 1X of 

degassed blocking buffer. 

Figure 2.3: Schematic illustration of microfluidic flow cell, composed of quartz slide, 

four 25 cm tubes, double sided tape in double Y shape.  

 

2.2.5 Force calibration of the 13.5 kb DNA construct  

In order to define the flow rate required to exert a force of 2.6 pN on the substrate inside 

the channel, a force calibration was performed. This was achieved by measuring the length 

of individual stretched DNA molecule at different flow rates. The exerted force was 

calculated with the help of Brownian motions in the transverse direction that serves as 

calibration to the stretching force according to equipartition theorem equation: 

 𝐹 = #$∗&∗'
∆)*

. 

 Where: 

 F is the stretching force; Kb is Boltzmann constant. 

T is the temperature in kelvin. 
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 ∆𝑥, is the mean square displacement (MSD) of the beads. 

 l is the length of the stretched DNA in µm that correspond to the position of the bead 

when the flow was reversed  [75]. 

Figure 2.4: Force Extension curve of 13.5Kb at different flow rates. 

 

The force extension curve obtained is illustrated in (Figure 2.4). Since there is a 

fluctuation in the laminar flow during the leading strand synthesis, an error range was 

calculated to determine the range that should be considered for the location of the abasic 

lesion. This was achieved by first obtaining the standard error of 2.6 pN force (the force 

that was used in our experiment) in five stretched DNA molecules which was 0.20 pN. 

Then the conversion between dsDNA and ssDNA at this error range (2.4 and 2.8 pN) was 

calculated to be 3.85 and 3.67 bp/nm respectively (obtained from extension curve of the 

whole λ DNA). Hence, the error range if the lesion was placed in λ DNA was determined 

to be ±1.1 kb. Consequently. we estimated the error range of the lesion’s location in our 

construct to be ± 0.2 kb; i.e. any stoppage in DNA synthesis within 3.4-3.6 kb is considered 

to be due to the encounter with the lesion.  
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2.2.6 Single molecule leading strand synthesis on undamaged and 

abasic site substrate    

Preassembled leading strand synthesis was performed as described previously[65]. 

Briefly, 2 μl of the DNA construct was suspended in the blocking buffer (20 mM Tris–

HCl, pH 7.5, 2 mM EDTA, 50 mM NaCl, 1 mg/mL BSA, 0.025% Tween-20) and loaded 

into the microfluidic flow cell at a flow rate of 0.0325 ml/min for 30 min. Next, 3μl of 

polystyrene beads were suspended in the loading buffer, vortexed and sonicated for 30 sec 

to be flown at a rate of 0.0225 ml/min for 30 min. The unattached beads were washed by 

flowing the loading buffer alone at a rate of 0.0325ml/min for another 30 min.  A 5 min 

interval tapping on the microscope stage was performed to facilitate the removal of the 

nonspecifically bound beads to the surface. 

The leading strand complex was preassembled by flowing 20 nM of 1:1 gp5/theiredoxin  

and 20 nM of hexameric gp4, that were suspended in degassed replication buffer [63] (40 

mM Tris–HCl, pH 7.5, 50 mM K-glutamate, 2 mM EDTA, 100 μg/mL BSA, 5 mM DTT, 

600 μM dNTPs), at 0.0325 ml/min for 8 min and 0.0125 ml/min for 7 min. Next the 

unbound proteins were washed out by introducing the replication buffer alone at a flow 

rate of 0.0325 ml/min for 7 min. Before triggering the replication reaction, a rare-earth 

magnet was lowered down on top of the flow cell at height of 7mm. The magnet  exerts a 

perpendicular force (0.624pN) to the flow direction which will help to lift up the beads 

away from the surface of the coverslip [76]  Finally, replication buffer containing 10 mM 

of MgCl2 and 600 μM dNTPs was introduced at a flow rate of 0.0214 ml/min to initiate the 

leading strand synthesis. The field of view was imaged by charge-coupled device (CCD) 

camera to record the beads movements. The experiment was perfumed at ~ 22 °C. 

 

2.2.7 Data acquisition and analysis 

the experiment was performed using dark field illumination to increase the beads 

contrast. To achieve this, a fiber light source parallel to the microscope stage with a 

distance of 0.5 m and angle of 10° was used. A 10x objectives with a low numerical 

aperture was utilized to allow only the light scattered from the beads to be imagined. Hence, 

the beads can be seen as bright dots in the dark field.  
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 A CCD camera was used to acquire the beads movements at 500 milliseconds for 30 

min at frame rate of 2Hz. The beads movements were recorded by using MetaVueTM  

software. DiaTrack, tracking software, was used to translated the beads movements into 

trajectories. This software  detects the positions of each bead in the field by using 2-D 

Gaussian functions to achieve subpixel resolution of 0.429 μm /pixel [77]. By using Matlab 

software with conversion factor of 3.76 bp/nm, the resulting trajectories represent the 

length difference of the DNA when the substrate was converted from dsDNA to ssDNA 

during leading strand synthesis. Next, OriginLab software, analyzing and graphing 

software, was used to visualize the trajectories by plotting the DNA length versus time. 

Matlab software was used then to correct the traces of interest by subtracting the baseline 

of the un-replicated DNA from the baseline of the replicated ones.  This will decrease the 

background fluctuation by around 100-300bp [73]. Herein, the processivity of DNA 

replication was obtained by taking the length difference between the start and the end of 

each shortening event. However, by fitting a linear-regression function of the trace, the rate 

of replication can be calculated, which corresponds to the slope multiplied by two.  Pausing 

of DNA replication was considered when there was no change in DNA length at the 

minimum time of three seconds and above. Consequently, the pause duration of each event 

was calculated by the total time where the beads did not move. Finally, all the obtained 

measurements were fitted by an exponential decay (pause duration) and Gaussian function 

(rate) to observe their population heterogeneity; Figure 2.5 shows an example of restart 

trajectory obtained during single molecule flow stretching assay.  
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Figure 2.5:  Example of a trajectory obtained during Leading strand synthesis using 

3.5kb abasic site substrate. Illustrating the processivity, the rate of replication, the lesion 

location and the pause duration at the lesion site.    
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CHAPTER 3 

RESULTS  

In this thesis, a single molecule flow stretching technique was used to study the effect 

of abasic lesion on the kinetics of T7 replisome by monitoring the length of each tethered 

DNA molecule during its replication through the movement of the attached beads.  

A complex of replication proteins composed of gp5/trx and gp4 were first preassembled 

on the forks of the DNA templates to ensure the synchronization of both unwinding and 

synthesis of the DNA molecules upon their activation by Mg2+. However, before this 

activation, a brief washing of the flow cell was performed to remove any excess proteins 

in solution and restrict DNA synthesis to the fork bounded proteins (leading strand -bound 

gp5/trx and lagging strand- bound gp4 helicase). Upon leading strand synthesis, the lagging 

strand was converted from dsDNA to ssDNA . In reference to the lambda DNA extension 

curve, the length of ssDNA is shorter than that of dsDNA when the applied stretching force 

is <6 pN. Our force regime was 2.6 pN, which helped us to monitor the DNA synthesis by 

converting the difference length between dsDNA and ssDNA to the number of synthesized 

nucleotides [73] [75] [78]. Each experiment was repeated from three to four times with the 

same conditions to obtain statistically significant events.  The abasic lesion was determined 

to be at 3.5 ± 0.2Kb from the replication fork (see Methods 2.2.5). The traces with 

processivity less than 3.5kb were ignored since the replisome was not able to reach the 

abasic site. However, the remaining events (that reach 3.5kb) were categorized into bypass, 

restart or stop.     

 

3.1 T7 replisome fate upon encountering abasic lesion  

To investigate the effect of abasic lesion on the T7 replisome, we compare the behavior 

of the replisome when encountering undamaged site, TerB sequence or abasic site (see 

Methods 2.2.1). The real time trajectory that reached the 3.5 ± 0.2 kb site were categorized 

into the bypass group when the replisome overcomes the targeted site, the restart group 

when the replisome pauses transiently with a duration not less than 3 sec and resume the 

synthesis, and the stop group when the replisome stops permanently without any further 
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synthesis for a duration not less than 10 ± 1min [66], [72]. Later, the percentage of each 

group within each experiment was calculated with an error bar that corresponds to the 

standard deviation of binomial distribution.    

In the undamaged DNA construct, 76 ± 3 % of the replisome bypassed the 3.5 kb site, 

while 24 ± 2 % stopped transiently and none stopped permanently (Figure 3.1). In the 

abasic DNA construct, the bypass events decreased to 52 ± 3 % while the restart and stop 

events increased to 39 ± 3 % and 9 ± 1 %, respectively (Figure 3.1). We showed previously 

that majority of the T7 replisome stops upon encountering the E. coli termination protein 

Tus bound to its site TerB [72]. As a positive control, in collaboration with Yujing Quang 

(PhD student in Prof Hamdan’s lab) we showed that all T7 replisomes stopped at the Tus-

TerB site with 7% of these stoppage events managing to restart DNA synthesis (Figure 3.1) 

Figure 3.1: The percentage of bypass, restart and stop in the three different DNA 

constructs: A) undamaged, B) abasic C) Tus-TerB. The error bars correspond to the 

standard deviation of binomial.   

To further investigate the fate of the T7 replisome upon encountering abasic lesion, a 

strand-displacement synthesis in ensemble assay was performed by Dr.Masteru Takahashi 

(Hamdan’s lab). Four experiments were performed by using both abasic and undamaged 

substrate including either polymerase (20nM) and helicase (20nM) or polymerase alone in 

a 5 minutes reaction (Figure 3.2). On the undamaged DNA, full length synthesis was 

observed by the polymerase and helicase complex. On the abasic DNA, 30% stoppage was 

detected at the damaged site and 70% bypass by the polymerase and helicase complex. In 

case of the polymerase alone, minimal synthesis was observed since the polymerase 

requires the helicase to unwind the duplex DNA for its activity. 
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Figure 3.2: 20% polyacrylamide gel, showing the DNA replication on both abasic and 

undamaged substrate by either gp5 and gp4 or gp5 alone. The primer alone was loaded on 

the gel as a control to exclude any false-positive results. 

 

By comparing the results of replication between abasic and undamaged substrate from 

both single molecule and ensemble assays, it is clear that DNA synthesis by the T7 

replisome was effected upon encountering the abasic lesion. However, there was a slight 

discrepancy in the percentage of stoppage event between bulk and single molecule assays 

(see below for further discussion). 

 

3.2 T7 replisome pauses at the abasic lesion with a duration ten 

times more than undamaged one 

To Investigate whether the restart events observed in the undamaged and abasic lesion 

are random or different in each construct, we examined the duration of the pause. 

Interestingly the histograms of each experiment followed exponential distribution.  The 

mean pause duration in the undamaged construct was 2.1± 0.3 sec, which is very short 

duration and within the random noise of the experiment (Figure 3.3 A), and in the abasic 

construct 22 ± 3 s (Figure 3.3 B).  
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Figure 3.3: Histograms showing the exponential decay distribution of pause duration 

during leading strand synthesis of both undamaged- and abasic-DNA constructs. 

 

By comparing the pause duration between the two experiments the abasic lesion was 

found to be ten times longer than the undamaged one. This indicates that the pause at the 

lesion reports at its encounter with the replisome. Moreover since the histograms followed 

an exponential decay distribution, it suggests that the underlying mechanism of this pause 

occurs with only a single step process, in contrast to Gaussian distribution that indicates 

the involvement of at least two steps [72]. 

 

3.3  The rate of leading strand synthesis increased after 

encountering the abasic lesion   

Next, I aimed to probe the mechanisms when the replisome encounters the lesion and 

most importantly the reason behind the slight discrepancy between the single molecule and 

bulk assay. I measured the rate of leading strand synthesis before and after the abasic lesion. 

Surprisingly I found that the rate of DNA synthesis after 3.5 kb site was slightly faster than 

before the 3.5 kb site, with a mean rate of 223 ± 16 bp/s and 157 ± 11 bp/s, respectively 

(Figure 3.4) . 
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Figure 3.4: Gaussian histogram showing the rate distribution of leading strand synthesis 

rate before (red) and after (blue) the abasic lesion. 

 

By taking into consideration the difference in rate before and after the abasic lesion site 

and the slight discrepancy between the single molecule and ensemble assay data, we 

hypothesis that the synthesized base pairs detected in single molecule after the abasic lesion 

might be due to uncoupling between the helicase and the polymerase. In another word, 

upon encountering the lesion, the interaction between the helicase and polymerase was 

broken. This might explain the DNA shortening after the lesion site in the single molecule 

assays to be a result of DNA unwinding by gp4. 

 

3.4  The rate of double stranded DNA unwinding using gp4 

protein alone  

To confirm this uncoupling synthesis hypothesis, another single molecule flow 

stretching assay was performed to investigate the rate of gp4 DNA unwinding. Gp4 (5mM) 

alone with Mg2+ and dTTP was introduced under continuous flow. The obtained trajectories 

represent the loop formation and release of the lagging strand during the dsDNA unwinding 
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(Figure 3.5) [9]. The rate of unwinding was found to be 265± 17.6 bp/s, which is closer to 

the rate of replisome after the abasic lesion (Figure 3.6).  

 

Figure 3.5: An example of real time trajectory representing the loop formation and 

release during dsDNA unwinding.  

 

Figure 3.6: Gaussian histogram showing a comparison of the rate distribution of leading 

strand synthesis rate after the abasic site and the rate of DNA unwinding by gp4. 

 

By performing the DNA unwinding experiment on flow stretching assays, the rate of 

loop formation was found to be closer to that of the DNA synthesis after the lesion. These 

results support the idea that uncoupling between the polymerase and the helicase occur 
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after the replisome encounters abasic lesion. Further experiments will be performed in the 

future to directly report on the DNA unwinding activity during this uncoupling.  
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CHAPTER 4  

DISCUSSION  

In this thesis, I used single molecule flow stretching assay to monitor individual DNA 

molecules that are being replicated in real-time by the bacteriophage T7 replisome. Using 

this assays, I developed DNA constructs to capture the encounter of the T7 replisome with 

abasic lesion. Several studies were performed to investigate the encounter of the replisome 

with different DNA lesions including nick lesion[52], cyclobutane pyrimidine dimer 

(CPD) lesion [54], 7,8-diehydro-8-oxo-2’-deoxyguanosine (8-xoG) and O6-

methylguanine (O6-MeG) [56]. The T7 replisome behavior was found to bypass the lesion 

when both gp5 and gp4 are used together, however it does not when each of the proteins is 

used alone. Pertinent to this study, encounter of T7 replisome with abasic lesion has also 

been characterized in bulk phase replication assays [58]. It is important to study the 

encounter of the replisome with an abasic lesion because it represents the most frequent 

DNA damage under physiological conditions with an average of ~10000 abasic site in 

human cell per day [79],[80],[81].   

I used three different DNA templates. One contains the abasic lesion and two templates 

serving as controls (undamaged DNA and TerB site to which the termination protein Tus 

binds). The replication events were categorized into bypass, restart and permanent 

stoppage. By using undamaged template, higher bypass events were detected (76%) 

without any single event displaying full stoppage near the lesion site. However, 24% of 

these events were categorized as restart, which were later found to unspecific pauses. In 

contrast, in the abasic lesion template, the number of bypass decreased to 52%, while the 

number of events that fully stopped increase to 9%. Interestingly, the number of restart 

events slightly increased to 39% but the pause duration before resuming DNA synthesis 

was 10 folds longer than in the undamaged DNA, demonstrating that these restart events 

are specific. In a control experiment, we showed using the Tus-TreB barrier system that 

100% stoppage can be achieved using similar template containing replication barrier that 

is inserted at the same site as the abasic lesion.  These results confirmed that the restart and 

stoppage events of the T7 replisome were caused by the abasic site.  
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Bulk assay was also performed to investigate encounter of the T7 replisome with the 

abasic site. These experiments showed 70% bypass and 30% stoppage. This stoppage yield 

is 3 times higher than that observed in the single molecule assays. Single molecule assays 

allow us to zoom in at the replisome before and after it encounters the abasic site. I observed 

that the rate of the replisome after restarting is faster than before encountering the lesion. 

Further experiment was performed to investigate this switch in rate and it was found that 

this rate was closer to the unwinding rate by gp4 alone. This might explain the discrepancy 

in the percentage of stoppage events between single molecule and bulk assay. In another 

word, we hypothesized that upon encountering the lesion the polymerase stalls at the 

damage site and the helicase continues DNA unwinding. Previous results demonstrated 

similar mechanism of uncoupling between the helicase and the polymerase at a lesion site 

[82]. 

According to the obtained results, the T7 replisome behaves differently at the abasic 

site. The most favorable outcome is to miss-incorporate nucleotides against the lesion, then 

polymerase-helicase uncoupling and to much less extent stalling at the lesion. In general, 

the replisome prefers to incorporate mistakes and leave the repair system to fix it rather 

than stop at the lesion and wait for the repair system to fix it. 

 

Additional experiment will be performed in the future to confirm or exclude the 

uncoupling between the helicase and the polymerase where a new designed DNA template 

with abasic lesion will be made (Figure 4.1). The template is similar to what was used in 

this thesis except that the bead will be attached to the replication fork arm. Hence if a real 

synthesis takes place after the lesion site, the bead will keep moving. However, if 

unwinding alone is taking place the bead will not change the place significantly since the 

generated product is coiled ssDNA. This assay will allow us to directly observe the 

uncoupling between the helicase and the polymerase. 
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Figure 4.1: Schematic illustration of DNA template will be used in the future 

experiment.  

Additional hypothesis was suggested that the abasic lesion might alter the polymerase 

confirmation. This leads to decrease in its exonuclease activity as results the rate of 

synthesis increased. To confirm this a future experiment will be made using bulk assay 

with a substrate of 1kb length containing the abasic lesion at 0.5kb site and biotinylated 

primer. The synthesized DNA will later be sequenced to evaluate the accuracy of the 

incorporated base pairs.    
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