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ABSTRACT 
 

Towards observing the encounter of the T7 DNA replication fork with a 

lesion site at the Single molecule level  

Afnan shirbini 

 

Single-molecule DNA flow-stretching assays have been a powerful approach to study 

various aspects on the mechanism of DNA replication for more than a decade. This 

technique depends on flow-induced force on a bead attached to a surface-tethered 

DNA. The difference in the elastic property between double-strand DNA (long) and 

single-strand DNA (short) at low regime force allows the observation of the beads 

motion when the dsDNA is converted to ssDNA by the replisome machinery during DNA 

replication. Here, I aim to develop an assay to track in real-time the encounter of the 

bacteriophage T7 replisome with abasic lesion site inserted on the leading strand 

template. I optimized methods to construct the DNA substrate that contains the abasic 

site and established the T7 leading strand synthesis at the single molecule level. I also 

optimized various control experiments to remove any interference from the nonspecific 

interactions of the DNA with the surface. My work established the foundation to image 

the encounter of the T7 replisome with abasic site and to characterize how the 

interactions between the helicase and the polymerase could influence the polymerase 

proofreading ability and its direct bypass of this highly common DNA damage type.  
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CHAPTER 1 
 

1.1 General Introduction 

1.1.1 DNA replication mechanism  

DNA stores the genetic information that programs all cellular activities. In order to 

ensure the accurate pass of the genetic information to the next generation, the cells 

requires a refined DNA replication machinery that can efficiently and accurately 

replicate its own genetic material to produce tow identical copies of the original one. 

The replisome is the multiprotein DNA replication machine that copies the parental 

double-stranded DNA (dsDNA) through coordinated activities among cross-interacting 

DNA-binding proteins. The first step in DNA replication is unwinding of the parental 

dsDNA by an enzyme called helicase, which encircles ssDNA as a hexamer and convert 

the chemical energy of nucleotide hydrolysis into mechanical movement to separate 

complementary strand creating the replication fork. Each of the two-separated parental 

ssDNA provides a template for creating a new daughter dsDNA. An enzyme called 

primase starts the process by synthesizing a small piece of RNA primer to provide the 3’-

OH group requires to initiate the DNA polymerization activity of the replicative DNA 

polymerase. The polymerase incorporates deoxynucleotide triphosphates (dNTPs) and 

moves in one direction from 5’ to 3’. Because of the unidirectional movement of the 

polymerase, one of the new strands, the leading-strand, is synthesized continuously 

from 5’ to 3’ direction, while the other strands, the lagging-stand, cannot be copied in 

this continuous mode since it runs in the opposite direction of the DNA polymerization 
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activity. Ssynthesize on the lagging-strand therefore occurs in a series of small DNA 

segments called the Okazaki fragments. Each fragment is initiated by synthesis of an 

RNA primer that is extended by the lagging strand polymerase. RNA primers are then 

replaced with DNA and the Okazaki fragments are sealed by a DNA ligase enzyme to 

form a continuous dsDNA lagging strand (figure 1.1). DNA replication is described as a 

semiconservative process since each daughter dsDNA has one strand of the original 

parental DNA and one new synthesized one (1, 2)  

 

Figure 1.1: An illustration of leading- and lagging-strand DNA synthesis 

The interactions between the replicative proteins that coordinate DNA synthesis with 

extraordinary accuracy has been the subject of many intensive studies over the past fifty 

years, which led to uncovering principles and models of how the system works. Here, I 

will present an overview of bacteriophage T7 replication system, which is one of the 

simplest and well-studied DNA replication systems and is the system used in this study. 



10 
 

1.1.2 Overview of structure and function of the T7 replisome 

DNA replication functions according to a highly conserved set of activities in all domains 

of life. One of the simplest, well studied and refined replication system is bacteriophage 

T7 since it only requires three viral proteins and one host proteins (3, 4). Bacteriophage 

T7 is a lytic phage that infects Escherichia coli. The 40 kb genome of T7 bacteriophage 

encodes three of its replication proteins − gp5, gp4 and gp2.5 − along with the host 

protein E. coli thioredoxin (figure 1.2). T7 replication system mimics all the basic 

activities in the much more complex system including strand separation, priming and 

copying leading strand continuously and lagging strand discontinuously in form of short 

Okazaki fragments (3-5). 

 

Figure 1.2: A schematic representation of bacteriophage T7 replication system. The 
system consists of 1) gp4 that encodes for the helicase domain and primase domain that 
consist of Zinc binding motif and RNA polymerase subdomains, 2) gp5 polymerase 
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bound to its processivity factor thioredoxin and 3) single-stranded DNA binding protein 
gp2.5. The leading strand is synthesized continuously and the lagging strand is 
synthesized discontinuously in form of short Okazaki fragments. The figure is adapted 
from (4) 

 

1.1.2.1 T7 polymerase and processivity factor E. coli thioredoxin  

The DNA polymerization activity is performed by the T7 DNA polymerase (gp5/trx), a 1:1 

complex of the 80 kDa protein encoded by phage gene 5 (gp5) and the 12 kDa protein 

thioredoxin (trx) encoded by trxA gene of the host E. coli cell (4). The crystal structure of 

gp5/trx shows that it has the shape of a right hand feature in a way that the thumb, 

finger and the palm are oriented to bring functionally important residues closer and 

form a DNA-binding groove that orients the DNA into the polymerase active site. The 

proofreading 3’ to 5’ exonuclease activity of gp5 is located adjacent to the 

polymerization active site, which removes any miss-incorporated nucleotide by the 

polymerase domain  (figure 1.3) (6). Gp5/trx catalyzes the formation of the 

phosphodiester bond where the free 3’-hydroxyl group of the sugar of the primer 

nucleophilically attacks the alpha phosphate of the incoming deoxynucleotide. Thus the 

polymerase can only synthesise DNA in the 5’ to 3’ direction. Upon incorporating the 

correct deoxynucleotide, the polymerase goes through a conformational change from 

close to an open state to fit the incoming right dNTP and fully assemble the active site 

(6, 7). Gp5 alone has low processivity dissociating from the primer after the 

incorporation of few nucleotides, but when bound to trx the processivity increases up to 

80-fold (8). Trx binds to unique 76-amino acid residues that form an extended flexible 
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loop at the tip of the thumb of gp5, termed thioredoxin binding domain TBD (6, 9). 

Binding of trx to TBD leads to conformational changes in TBD aligning basic residues that 

interact with the dsDNA (10). In addition to increasing the affinity of gp5 to the primer-

template, trx also increases the affinity of gp5 to gp4 and gp2.5 through multiple 

interactions (11).  

 

Figure 1.3: Crystal structure of T7 gp5/trx bound to primer-template and an incoming 
nucleotide. The polymerase structure has a right hand shape: thumb (green), fingers 
(yellow) and palm (purple) form a DNA binding crevice that direct the DNA to the 
polymerase active site. The proofreading exonuclease domain is located next to the 
polymerization domain. The figure is adapted from (4). 

 

 

  

 

 



13 
 

 

1.1.2.2 Gp4 helicase/primase 

Gp4 is a unique  in that it comprises both helicase and primase activities within the 

same polypeptide chain, unlike other replicative helicases and primases that are 

encoded by separate genes but physically interact with each other. The polypeptide 

chain of gp4 contains the helicase domain at the C-terminal region and the primase 

domain on the N-terminal region with a 26 residues linker between the helicase and the 

primase domains that plays critical role in the oligomerization of gp4 to a hexamer (12, 

13) (figure 1.4). Gp4 encodes two co-linear polypeptides: a 63-kDa protein that 

possesses both helicase and primase activities and a 56-kDa protein that lacks the 

primase activity as a result of a frame shift in the starting codon in gene 4 (14, 15).  
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Figure 1.4: Crystal structure of T7 gp4 helicase/primase. a. A single unit of gp4 consists 
of a C-terminal helicase domain and primase domain in the N-terminal. The main 
subdomain of the primase ZBD and RPD are shown and the two linkers that connect ZBD 
with RPD and the primase with the helicase are shown. b. The hexameric gp4 with the 
zoom in view showing the communication between two adjacent subunits. The figure is 
adapted from (4). 

 

The primase domain synthesizes RNA primers from specific sequences on the ssDNA 

template. The association of the primase with the helicase enhances the primase affinity 

to DNA and its ability to search the ssDNA extruded behind the moving helicase for its 

specific sequences.  The primase consists of two subdomains, the Zinc-binding domain 

(ZBD) that is responsible to search for the primase recognition sites and the RNA 

polymerase domain (RPD) that catalyzes the formation of phosphodiester bonds. ZBD 

and RPD subdomains are separated by a linker which gives more flexibly to the ZBD to 

interact with RPD on the same units, an interaction called cis mode, or on the adjacent 
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subunit on the hexamer gp4, the trans mode (3, 4) (figure 1.5). It is proposed that the cis 

mode initiate the synthesis of the two common ribonucleotides (AC) and the trans mode 

extends them to the functional tetra ribonucleotide primer that is utilized by gp5/trx. 

 

Figure 1.5: An illustration of gp4 primase domain. The ZBD can interact with RPD on the 
same subunit (cys mode) or with RPD on adjacent subunit (trans mode). The figure is 
adapted from (3). 

 

In the absences of DNA, gp4 exist either as a hexamer or heptamer depending on the 

presence of either nucleotide tri- or di-phosphate respectively, but only the hexameric 

form can bind to the DNA (16). In contrast to other replicative helicases that require 

accessory protein to load them on the DNA, gp4 can bind to the ssDNA through a ring-

opening and closing mechanism. It is proposed that a transient binding of the primase 

domain to the ssDNA leads to conformational change (ring-opening model) that transfer 
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the ssDNA to the central channel of gp4 (17). Gp4 helicase moves along the ssDNA by 

hydrolyzing dTTP molecules and using the energy to translocate unidirectionally from 5’ 

to 3’ along the DNA, separating the complementary strand (18-20). Hydrolysis of dTTP is 

coordinated between two adjacent subunits that are bound to the DNA. Communication 

between adjacent subunits through special residues, such as Arg-522, Arg-493, and Asp-

468 (figure 1.4), is critical for coupling dTTP hydrolysis and DNA binding (21, 22). Binding 

of dTTP to the nucleotide-binding pocket increases the affinity of the helicase to the 

DNA, and upon its hydrolysis and release of Pi the affinity to DNA decreases allowing the 

DNA to pass from one subunit to the adjacent subunit (18).  

1.1.2.3 Single-stranded DNA binding protein gp2.5 

Gp2.5 is a single-stranded DNA-binding protein that coats and protects the transiently 

exposed single-strand DNA on the lagging strand and plays multiple roles at the 

replication fork (23). In addition, it removes potential secondary structures on ssDNA 

and consequently stimulates the DNA polymerization activity of gp5/trx. This 

stimulation doesn’t require a physical interaction between the polymerase and the 

helicase although the two proteins interact via the acidic C-terminal tail of gp2.5 and the 

TBD on gp5. Gp2.5 also interacts with the primase domain of gp4 and stimulates primer 

synthesis. It also stabilizes the primer and assets in its handoff to the T7 polymerase (24, 

25).  
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1.1.2.4 T7 DNA polymerase-helicase interactions for leading- and 

lagging-strand synthesis 

The coordination of DNA synthesis and unwinding activities is mediated by extensive 

physical interactions between gp5/trx and gp4. There are three modes of interactions 

between gp5/trx and gp4 that depends on whether the polymerase is bound to the DNA 

or not (figure 1.6) (3). In absence of DNA, gp5/trx interacts via basic residues in TBD with 

the acidic C-terminal tail of gp4(26, 27). The acidic C-terminal tail of gp4 can interact 

with two basic loops on TBD. One of those interactions is crucial for initiating leading-

strand synthesis. When trx binds to TBD it leads to conformational changes within TBD 

exposing two loops containing basic amino residues, called loop A and B, that interacts 

with the C-terminal tail of gp4 (figure 1.8). This binding mode is termed the “exchange 

mode” as explained below. An exposed front basic patch located at the surface of gp5 

contributes to the electrostatic interactions with the C-terminal tail of gp4 (figure 1.7). 

Replacement of these basic amino acid residues shows the inability of gp5/trx and gp4 

to initiate leading strand synthesis and therefore this binding mode is referred to as the 

“loading mode” (28). When gp5/trx binds the DNA, it interacts with gp4 in none C-

terminal and TBD dependent mode. This mode is termed “elongation mode” since it is 

indispensable for leading strand synthesis (11). Recent crystal structure of a complex of 

gp4 and gp5/trx bound to the DNA reveals extensive contacts between gp5 and gp4 in 

this interaction mode (29). 
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Figure 1.6: A scheme of the three modes of T7 polymerase-helicase interactions. (a) 
Loading mode where the C-terminal tail of gp4 interacts with the front basic patch of 
gp5/trx, (b) Elongation mode where gp4 binds gp5/trx with considerably strong 
interaction that does not involve of the C-terminal tail of gp4 or TBD of gp5, (c) The 
exchange mode during polymerization that involves the C-terminal tail of gp4 and TBD 
of gp5/trx. The figure is adapted from (3). 

 

 

Figure 1.7: crystal structure of gp5/trx, a. The site of the front basic patch on the 

gp5/trx, b. The four basic residues in the front basic patch that interacts with the C-

terminal tails of gp4 in the loading mode. The figure is adapted from (28). 

 

The elongation and exchange binding modes mediates dynamic interactions between 

gp5/trx and gp4 that support processive leading strand synthesis and also allows a 
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polymerase to exchange with the replicating one. The exchange binding mode gives the 

ability for a free DNA polymerase in solution to bind to the helicase and exchange with 

the replicating polymerase without affecting the processivity of the replisome (30, 31). 

Each subunit of gp4 is able to recruit free polymerase that is readily available for 

polymerase exchange during leading-strand synthesis or to be delivered to ZBD of the 

primase domain of gp4 for primer handoff (9, 30).  

Deletion of either C-terminal tail of gp4 or gp5 TBD results in a significant decrease in 

the binding affinity by 90-fold when gp5/trx is not bound to the primer-template strand 

but the proteins retain their interactions when gp5/trx binds the primer-template 

strand. In the absence of the C-terminal tail, gp4 and gp5/trx can synthesize DNA up to 5 

kb, demonstrating that the exchange binding mode is in play every 5 kb and is required 

to retain the polymerase to rebind the DNA and continue synthesis (9, 11, 26, 30). Those 

three binding modes (loading, elongation and exchanging) are therefore essential for 

the replisome to replicate the DNA at a processivity greater than 17 kb.  

Collectively, gp5 on its own can synthesize few nucleotides on its own. When coupled 

with trx, gp5 processivity increase up to 800 nt. Upon binding to gp4, gp5/trx 

processivity is enhanced up to 5 kb. The exchange binding mode can retain the 

replicating polymerase and/or exchange it with a pre-bound gp5/trx to achieve the high 

processivity of greater than 17 kb.  
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Figure 1.8: Structure of gp5/trx bound to DNA. Binding of trx to TBD exposes two loops 

that interact with C-terminal tail of gp4, termed loopA and loopB. The figure is adapted 

from (11). 

 

1.1.3 The fate of T7 replisome when encountering DNA damage 

Although dsDNA is a stable molecule, it can be damaged by environmental factors. If the 

damage is not repaired, it would imposed impediment for the polymerization activity 

and would either stall the replication fork progression or lead to the collapse of the 

replication fork to result in genomic instability, mutations and cell death (32, 33). Since 

the leading-strand is synthesized in a continuous manner, any damage on the leading-

strand would impose a major obstacle for fork progression. Different pathways have 

been proposed to restart the stalled replication fork: (1) fork reversal where the leading 

strand switches to utilize the lagging-strand as a template, (2) lesion tolerant where the 

synthesis of leading strand is re-initiated downstream from the lesion via a primase, and 

(3) translesion DNA synthesis which is carried by a special DNA polymerase that can 
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accommodate different type of DNA damage and thus can replicate through a lesion 

(34-36).  

A new lesion tolerance pathway has been observed, where the T7 replisome can directly 

overcome DNA lesion without requiring the replisome to prime the leading strand (37). 

Pyrimidine dimer is a type of DNA damage that can be induces by ultraviolet light. One 

common UV-induces photoproduct is the cyclobutane pyrimidine dimers (CPD) where 

two adjacent thymine are covalently linked together. T7 helicase, in isolation, is capable 

of unwind a CPD damage-containing template, whereas T7 polymerase alone is unable 

to bypass DNA damage due to the effect of the exonuclease activity causing the 

polymerase to stall at the damage site. When T7 polymerase however is coupled with T7 

helicase, the interaction between these two proteins would allow the polymerase to 

directly replicate through the CPD lesion. It has been proposed that when the replisome 

encounters the damage site, the polymerase will be stalled at the damage site. However 

the helicase is not affected but it will be transiently stalled due to its interaction with 

the polymerase, yet the forward movement of the helicase well passes the lesion 

dragging the polymerase to synthesize over the CPD lesion-containing template. When 

altering polymerase-helicase interaction by deleting the C-terminal tail of gp4, the 

polymerase stalled at the lesion site and the mutant gp4 continues to unwind the 

dsDNA on its own (37, 38).  

This bypass pathway by the T7 system has also been observed when the helicase-

polymerase complex encounters a nick in the duplex DNA that is located on the 
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polymerase none-template strand, the lagging strand in this case at which the helicase 

translocates. Nicked DNA can result from endonuclease, repair and from two adjacent 

okazaki fragments. In order for the helicase to unwind the duplex DNA it requires to 

contact both ssDNA arms at the fork. Thus the helicase cannot unzip the dsDNA on its 

own when encountering a nick on the lagging strand.  However when the polymerase 

binds to the helicase, upon encountering a nick the protein interaction prevents the 

dussociation of the helicase to solution and help it to re-load it on the 5’ end of the nick 

junction. This bypass mechanism at nick dsDNA is template-dependent where the 

replisome can only bypass a nick located on the polymerase non-template strand. If the 

nick is on the polymerase template strand, by the time the polymerase reaches the nick 

site it would have lost its contact with the DNA and consequently its synthesis activity 

would sieaze, regardless whether the helicase already stopped or still translocating on 

the ssDNA (figure 1.9) (39). 

Addition of the single-stranded DNA binding protein gp2.5 increases the nick bypass by 

two-fold. It has been found that gp2.5 interacts with T7 polymerase via its C-terminal 

tail, an important interaction for initiation of replication through a nick in the duplex 

DNA together with the helicase-polymerase complex. Collectively these results 

demonstrate that protein-protein interactions within the T7 replisome play key roles for 

its ability to overcoming a DNA damage in a direct manner (40). 
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Figure 1.9: Scheme of nick bypass by the T7 replisome is template-dependent. a. When 
the nick is on the template strand the polymerase-helicase complex cannot bypass the 
damage, b. The replisome can bypasses a nick only if it is located on the non-template 
strand. The figure is adapted from (39). 

 

T7 polymerase-helicase interactions plays an essential role for lesion tolerance by the T7 

replisome. This protein-protein interaction allows the polymerase to bypass a CPD 

lesion and also for the helicase to bypass a nick in dsDNA. But there are not much 

studies about whether this protein-protein interaction enables the T7 replisome to 

bypass through AP site (abasic) damage and other bulkier damage than CPD. Abasic 

damage is one of most frequent DNA damage in the genome that when bypassed leads 
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to mutations. Abasic lesions act as a strong block against DNA polymerases and are 

poorly bypassed (41). Abasic lesion bypass has been observed with other DNA 

polymerases form the family A and B with adenine being the most frequently inserted 

nucleotide opposite the abasic site, a phenomena called the A-rule (42). In this project, I 

aim to focus on the behavior of T7 replication upon encountering abasic lesion in the 

DNA and how the interaction between the helicase and the polymerase could influence 

this lesion bypass using single molecule imaging techniques. 

1.2 Introduction to the research 

1.2.1 objective  

This thesis work focuses on using single molecule imaging to observe the behavior of the 

T7 polymerase-helicase complex when encountering abasic DNA lesion. The aim is to 

investigate if the physical interaction between these two enzymes would enable the 

complex to bypass the lesion site. The focus here would be to use the a common abasic 

site as a lesion.  

1.2.2 About this Thesis 

Here, I will present my progress in optimizing the quality of the single-molecule DNA 

flow-stretching method  used in this study, with particular focus on constructing DNA 

substrates where a lesion or any modification can be inserted in site specific manner in 

front of the polymerase at either the leading or the lagging strand. 
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1.2.3 Visualizing DNA replication at the single molecule level using DNA 

flow-stretching assay 

Single-molecule imaging is a powerful approach for studying enzyme kinetics and 

dynamics of DNA replication, as well as protein-protein interactions in multiprotein 

complexes. Single molecule imaging provides new information that have not been 

obtained from ensemble averaged analysis by characterizing the properties and 

behavior of the individual molecules. 

In this thesis I used single-molecule DNA flow-stretching method that allow for a real-

time observation of leading-strand synthesis of individual DNA molecules. This allows us 

to monitor the replication rate, processivity and to follow in real time the behavior of 

individual replisome upon encountering lesions among others. 

The single-molecule DNA flow-stretching method has been used for a decade to study 

DNA replication (43). In this technique a flow-induce drag force on a bead attached to 

one end of a surface-tethered DNA molecules, stretches the DNA in the flow direction. 

The piconewton forces is applied by a syringe pump that can attain flow rates as low as 

nanolitters per minute. The movement of the beads can be measured via video 

microscopy which can track the particles position with high accuracy at low 

magnification optics such as 4-10X. I begin by describing the elements of the single-

molecule DNA flow-stretching assay. 
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1.2.3.1 Surface-tethering of the DNA 

the key for the success of this assay is the specific tethering of the DNA 

molecule to the surface of the flow cell at one and on the other end with the 

micro bead as shown in (figure 1.10, a). Details about the method of glass 

surface preparation is provided in Materials and Method in Chapter 2. 

Briefly, the surface is functionalized by activating the glass coverslip by 3-

aminopropyltriethoxysilane that provides free amino group which will 

covalently couple polyethylene glycol (PEG) to the surface. The density of the 

tethering spot can be controlled by varying the ratio of the biotin and non-

biotin PEGs (figure 1.10, b). The biotin bind tightly to striptavidin which 

sequentially binds to the biotinylated arm of the DNA. 
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Figure 1.10: tethring DNA to the surface. (a) Illustraing the construct of DNA attached 
to the surface via biotin-streptavidin interaction, and on the other end to a micro beads 
through dig-antidigoxigenin interaction. (b) Functiolized surface by silanazation and the 
free amino acid will covalently binds to PEG group. This figure is adapted from (44) 

 

The linear bacteriophage λ DNA is 48502 bp and contains 12-bp overhangs at 

both ends, which allow to anneal customized oligonucleotides using standar 

annealing and ligation techniques. The tethered end of the λ DNA to the surface 

contains the replication fork in addition to the biotin arm, which is essential for 

the binding and activity of the replisome (figure 1.10a). The other end the λ DNA 

(a) 

(b) 
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is attached to a digoxigenin labeled oligonucleotide that will bind the anti-

digoxigenin on the surface of the functionalized micro beads (figure 1.10a). 

1.2.3.2 Flow path 

Controlling the drag force on the beads is critical, thus it is important to design 

the flow cells and flow path carefully and consistently. The flow path described 

in (figure 1.11, a) starts from the sample tube, drawn by the syringe pump,  

through the inlet tube to the central channel of the flow cell and coming out 

through the outlet tube to an air-spring which reduce the mechanical noise of 

the pump. 

A flow cell is assembled by cutting double-sided tape to create a central channel, 

where the double-sided tape is sandwiched between the functionalized 

coverslips and a quartz slide. Two inlet and outlet tubes are inserted in four 

holes in the quartz slide and sealed tightly with fast-dry glue as shown in (figure 

1.11, b).  
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Figure 1.11: (a) The flow path illustarted by the arrows, where the flow is drawn from 
the sample passing into the flow channel through the inlets tubes and the outlet tube 
untill it reaches the ari-spring. (b) The flow cell design. The figure is adapted from (45). 

 

1.2.3.3 Microscope and Imaging 

We used an inverted upright microscope since it provides an extra space 

above the sample for tubing and also to install a magnetic manipulator. This 

ring-shaped magnet is placed above the sample to lift up the beads and 

further reduce non-specific interaction of the beads with the surface. For 

imaging, an off-axis illuminator is used to achieve dark-field imaging, which 

will create white spot at the beads position in a dark background to be 

tracked later by tracking software for data analysis. The imaging is recorded 

by a CCD camera attached to the microscope. 

 

 

 

 

(a) (b) 
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1.2.4 Theory  

1.2.4.1 DNA stretching 

The elasticity of the DNA is a property that has been investigated for more 

than two decade. Scientist has been studying the elastic response of the DNA 

by variety of force techniques such as optical traps, hydrodynamic drag 

forces, and magnetic tweezers. DNA in solution is able to fold, bend and 

curve locally due to thermal fluctuations, which is a purely entropic in origin. 

The elasticity studies  have characterized different elastic properties between 

double and single stand DNA. Worm-like chain (WLC) is the popular model 

that describes the relationship between force and extension for dsDNA 

depending on the persistence length unit. the WLC treats the dsDNA as a 

flexible rods of length that bend smoothly as a result of thermal fluctuation. 

A force-extension curve of the dsDNA and ssDNA shows differences in the 

extension length between double- and single-strand DNA at low force regime 

( 2- 6 pN) (figure 1.12).  
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Figure 1.12: Force-extension curve of double-strand DNA and single-strand DNA. 
Interpret the difference in the elasticity between dsDNA and ssDNA at forces lower than 
6 pN. The figure is adapted from(45). 

 

The longer the persistence length the stiffer the molecule and the less energy it 

requires to bend. The double helical nature of dsDNA makes it considerably 

more rigid than the ssDNA and thus the persistence length is ~50 nm for dsDNA 

and 0.8-3 nm for ssDNA (46, 47). ssDNA tends to adapt more coiled and 

compacted form with the end-to-end length shorter than its contour length. 

Stretching ssDNA therefore is entropically unfavorable and at lower forces the 

thermal fluctuation prevents the extension of the ssDNA. This entropic regime 

manifest itself at forces between 1-6 pN, where ssDNA requires much higher 

forces to stretch than dsDNA (27, 47). 
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1.2.4.2 Monitoring DNA replication at the single molecule level 

DNA motor proteins such as the helicases can convert dsDNA to ssDNA. By 

taking the advantage of the unique mechanical property of dsDNA and 

ssDNA, one can measure the progress of the replisome on individual ssDNA 

or dsDNA in the DNA flow-stretching technique. As shown in (figure 1.12); at 

low forces between 2-3 pN the differences of end-to-end length of ssDNA 

and dsDNA is at maximum. The key in the DNA flow-stretching experiment is 

to calculate the flow rate that yields a drag force in the range of 2-3 pN. This 

clear difference allows us to follow enzymatic activities that interconvert 

DNA between ss- and ds-fom.  

To interpret the data, the motion of the beads must be converted to base 

pair (bp) of DNA. For example at force of 2.5 pN the end-to-end length of 

dsDNA is ~15 µm while the ssDNA is 2.3 µm as shown in figure 1.12. To 

convert the difference in position of the beads to bp, the total length of the 

DNA in bp is divided by the difference in the extension length between 

dsDNA and ssDNA. For Example, for λ DNA at 2.5 pN drag force, the 

conversion from bead movement as a result of converting dsDNA to ssDNA 

would be: 

48502 𝑏𝑝

(15 − 2.3 ) 𝜇𝑚
= ≈ 3820 

𝑏𝑝

𝜇𝑚
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The rate of DNA replication is determine by the slope of the bead trajectory, 

whereas the processivity can be measured by the total length of the bead 

movement during a single event (45, 48). 
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CHAPTER 2 
 

Material and Methods 

2.1 Functionalized Coverslips  

To allow the DNA to attach to the glass coverslips, the surface was functionalized with 

aminosilane and then coupled with biotinylated-PEG molecules. In the preparation, the 

coverslips were placed in staining jars and were cleaned by 30 min sonication in ethanol, 

a rinsing step with distilled water, and then 30 min sonication in 1 M potassium 

hydroxide; the process was repeated twice. . After the last wash with distilled water, the 

coverslips were rinsed and sonicated briefly in acetone twice to remove all traces of 

water for the silanization step. The coverslips were incubated in 2% of 3-aminopropyl-

triethoxysilane (in acetone) for 20 minutes. The reaction was then quenched by pouring 

10 times excess water onto the jars containing the coverslips. The coverslips were then 

heat-dried in the oven at 110 C° for 30 minute. Next, the coverslips were incubated in 10 

mg/ml PEG (Laysan Bio.Inc). In order to reduce unspecific interaction of DNA and 

proteins with the glass surface, a biotin-PEG was mixed with non-biotinylated group 

mPEG-Succinimidyl Valerate (Laysan Bio.Inc) with a ratio of 1:10 in 100 mM NaHCO3 pH 

8.2, was added and the reaction was allowed for at least 3 hours. The biotin-PEG will 

bind to free neutravidine that will interact tightly with the biotinylated DNA molecules, 

anchoring the DNA molecules to the surface. The coverslips were extensively washed 

with distilled H2O and air-dried and stored under vacuum in a desiccator.  
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2.2 Beads Functionalization 

The 2.8 μm paramagnetic bead (Dynal) were mixed with Buffer A (0.1 M H3BO3, pH 9.5) 

that will activate the tosyl group for anti-body coupling. The supernatant was cleared by 

magnetic separator and the beads were suspended in buffer A and fragment antigen-

binding (Fab) α-digoxigenin that is specific for digoxigenin for 24 h at 37 °C. The beads 

were washed by buffer B (1× PBS (, 2.7 mM KCl, 137 mM NaCl, 10 mM Na-phosphate), 

pH 7.4, 0.1% w/v BSA) several times. The beads are then incubated in buffer C 

(0.2 M Tris-HCl, pH 8.5, 0.1% w/v BSA) at 37 °C for 4 h to block the free tosyl group. The 

supernatant was then removed by centrifugation and the beads were incubated in 

buffer B for 5 min at 4 °C. Finally, the beads were re-suspend in buffer B and aliquots of 

20 µl were stored at 4 oC. 

2.3 Assembling the Flow cell 

The flow cell was constructed with a functionalized coverslip as described previously 

(48). Briefly, the flow channel was constructed by cutting the double-sided sticky tape 

(thickness ~100 µm) (Secure-Seal, Grace BioLabs) to create a 3 mm channel width in the 

center and two y-shape short channels at the ends of the central channel. The channel 

was fixed on a quartz microscope slide then onto a functionalized coverslip. Four thin 

tubes (Intramedic PE60, Becton Dickinson) were inserted into the flow channel through 

four drilled holes on the quartz slide, then the tubing and the edges were properly 

sealed by epoxy glue. The inlet tubing are used for flowing DNA substrate, beads, and 
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exchanging buffers, proteins and reagent into the flow cell. NeutrAvidin (NEB) was flown 

in the chamber and incubated for 5 minutes at concentration of 0.25 mg/ml. To further 

block the non-specific interaction to the surface the flow cell was then incubated in a 

Blocking buffer (50 mM Tric-HCl, pH 7.5, 50 mM NaCl, 2 mM EDTA, 0.025% Tween-20, 1 

mg/ml) for at least 30 minutes; the blocking buffer was degased for 30 minute before 

incubation to prevent bubbles formation inside the flow chamber. The outlet tubes are 

connected to an air-spring that is connected to the syringe pump. A magnet is 

positioned 9 mm above the flow cell to help rising the paramagnetic beads and prevent 

non-specific interaction between the beads and the surface glass (figure 2.1). 

 

Figure 2.1: scheme of flow cell assembly  

2.4 DNA template for single-molecule experiments 

Bacteriophage λ DNA (NEB) was ligated at one end to a pre-annealed and replication 

fork via a complementary oligonucleotides to its overhang ssDNA, and to the other 

ssDNA overhang end with a 3’ digoxigenin (dig) functionalized oligo. To create the 

damage site on the leading-strand template, the resulting DNA molecules were then 
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digested with the restriction enzyme EcoRI from the fork end to generate a 3.6 kb 

fragments, and with ApaI to generate 10.1 kb fragments form the digoxigenin end. Then 

the two parts were ligated to an insert with sequence containing the damage (figure 

2.2). 

A modified 61-bp ssDNA oligonucleotide that contains the overhang ends of EcoRI and 

ApaI sites was 5’-phosphorylated at the 5’ end of the EcoRI overhang using T4 

polynucleotide Kinase. It was then annealed to complementary sequence that contains 

the sequence of interest (whild type) then ligated to the 3.6 kb EcoRI fragments. The 

ligation product was then purified and the fragments was then phosphorylated at the 

ApaI site to allow for the ligation to the 10.1 kb ApaI λ DNA digest to get the final 13.7 

kb product. 

The oligonucleotides that were used to construct the DNA template contain the lesion 

abasic site. Primers and unmodified oligonucleotides were purchased from Integrated 

DNA Technologies and are listed in Table 1 (IDT, San Diego, CA). 
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Figure 2.2: Illustration for constructing lesion-containing DNA using fragment from λ 
DNA for the single-molecule experiment. (a) λ DNA, (b) restriction digestion by ApaI 
and EcoRI. (c) EcoRi and ApaI fragments are ligated with the short insert containing 
damage site. 

Table 2.1: Sequence of primers used to construct λ DNA and lesion-containing 

template for single-molecule experiment 

Substrate Sequence (5’-3’) 

λ DNA biotinylated arm Biotin-AAAAAAAAAAAAAAAAGAGTACTGTACGATCTAGCATCAATCACAGGGTCAG 

GTTCGTTATTGTCCAACTTGCTGTCC 

λ DNA leading tail Phos-GGGCGGCGACCTGGACAGCAAGTTGGACAATCTCGTTCTATCACTAATTCAC 

TAATGCAGGGAGGATTTCAGATATGGCA 

λ DNA primer TGCCATATCTGAAATCCTCCCTGCA 

λ DNA digoxigenin arm AGGTCGCCGCCCAAAAAAAAAAAA-digoxigenin 

Long oligo containing EdoRI 

and ApaI overhang 

AATTGGGGGTACCCGGTCTCCCATGGTTAATTACATGTCCGGCGCGCCTCTAGAGGGGGCC 

Short oligo WT CCCCCATGGGCCAGAGGGTACCAATTAATGTACAGGCCGCGCGGAGATCTCCC 
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Abasic lesion-template  CCCCCATGGGCCAGAGGGTACCAAT6AATGTACAGGCCGCGCGGAGATCTCCC 

  

2.5 PCR amplification for DNA template 

3.6 kb and 9.9 kb fragments were amplified form λ DNA using designed forward primer 

(F) (5DigN/GGGCGGCGACCTCGCG) and backward primer (B) (CAGGCTCTGCGGGCCC) to 

generate 3.6 kb and  F primer (TAGCCACTGTCTGTCCTGAATTCATTGTAATAGTTACGCG) 

and B primer (CGTAAGCTTTCGGATCACCGGAAACCACC) to generate the 9.9 kb 

fragments. The PCR amplification was performed in 50 µl reaction volume. The PCR 

reaction conditions for 3.6 kb fragment was 5 µl of 10X KOD Hot buffer, 5 µl of 2 µM 

dNTP, 4 µl of 25 mM MgSO4, 1 µl DNA template, 2µl of each F and B primers, 27 µl PCR 

grade water, 3 µl Dimethyl sulfoxide (DMSO) and 1 µl KOD polymerase. Thermo cycle 

program consists of initial denaturation temperature of 95 °C for 2 min followed by 27 

cycles of 95 °C for 30 sec as denaturation, 65 °C for 20 sec for annealing and 70 °C for 1 

min and 35 sec as elongation time. For the 9.9 kb fragment, PCR was also performed in 

50 µl reaction volume under reaction buffer conditions that are similar to those 

described for the 3.6 kb fragment except for 3µl 25mM MgSO4, 1.5µl of each F and B 

primers, 32µl PCR grade water, and 2.5µl Dimethyl sulfoxide (DMSO), The thermo cycle 

program consists of initial denaturation temperature of 95 °C for 2 min followed by 30 

cycles of 95 °C for 30 sec as denaturation, 65 °C for 20 sec for annealing and 70 °C for 4 

min and 15 sec as elongation time. The PCR products were examined by gel 

electrophorese with 0.8% (v/w) agarose gel in 1X TBE at 150 Volts for 35 min and 
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visualized under UV light. The fragments were then purified and digested by ApaI 

restriction enzyme for the 9.9 kb fragment, while the 3.6 kb fragment was double 

digested by EcoRI and HindIII. The digest products were purified and the 3.6 kb 

fragments were ligated to the insert though annealing of the EcoRI overhangs. The ApaI 

overhang of the annealed 3.6 kb fragment was then phosphorylated and ligated to the 

9.9 kb fragments to generate DNA construct of 13.5 kb without the fork. The replication 

fork were assembled by annealing of the leading strand primer containing the HindIII 

overhang, with the 5’ biotin primer. The fork was ligated to the 13.5 kb to creating the 

final construct for the single molecule experiment. 

2.6 Preparation of protein 

Wild type gp5/trx and wild type gp4 were expressed and purified by Dr Masateru 

Takashi (KAUST). Here I describe the expression and purification of gp4-ΔCt that I was 

directly involved in.  

The vectors plasmid that contains the gene encoding for mutant gp4-ΔCt and 𝐴m𝑝+ 

resistance gene were received from professor Charles Richardson laboratory (Harvard 

Medical School). The vector was transferred to the cell of E. coli BL21(DE3) strain though 

electroporation. The cells were then cultured in SOC media (2% (w/v) Tryptone, 0.5% 

(w/v) Yeast extract, 10 mM NaCl, 2.5 mM KCl, 10 mM MgCl2 and 20 mM Glucose) for at 

37 °C. The cells were plated Amp+ plate and 3 colonies were selected for protein 

expression on a small scale culture with TB media containing Amp+ and incubated at 37 
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°C for ~5 h to an O.D. of 1.0. The expression was induced by adding 1 mM final 

concentration of Isopropyl β-D-1-thiogalactopyranoside (IPTG) and further incubation at 

16 °C for ~3 hr. Protein expression was checked on 4-20% SDS-PAGE (Bio-rad gel). The 

culture were transformed to a large scale culture of 2L 2YT broth and incubated at 37 °C, 

180 rpm for overnight, then IPTG were added to final concentration of 1 mM and the 

expression were induced for 3 h. The cell pellets were collected by centrifugation in 

centrifugal bottle with speed of 6000 rpm at 4 Co for 10 min, and snap frozen in liquid 

nitrogen and stored in -80 °C for subsequent use.   

For purification, the cells were thawed and suspended in lysis buffer (20 mM Tris-HCl 

(pH 7.0), 5 mM EDTA, 100 mM NaCl, 1 mM PMSF) containing 1 mg/ml lysosome and 

incubated for 1 hour on ice. Cell disruption was then used to ensure the breakage of the 

cells. The soluble lysate was collected by centrifugation at 12000 rpm for 40 min at 4 °C 

using the super centrifuge first and then with Ultra centrifuge at 35000 rpm for 30 min 

at 4 °C. Polyethylene glycol 4000 (PEG4000) in Buffer P (20 mM K-phosphate pH 6.8, 1 

mM EDTA, 1 mM DTT and 10% glycerol) (50% stock) was added to the supernatant to a 

final concentration of 10% and with NaCl adjusted to 0.5 M. The mixture was then 

incubated on ice for 1 hour and centrifuged at 8000 rpm for 20 min at 4 °C. The pellets 

were suspended in Buffer P+20 mM KCl on ice for 1 hour and then centrifuged at 12000 

rpm for 40 min at 4 °C using super centrifuge first then with Ultra centrifuge at 35000 

rpm for 30 min at 4 °C.  
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The supernatant were loaded onto an ion exchange column (phosphate cellulose 

column), high performance liquid chromatography (HPLC), that was pre-equilibrated 

with Buffer P and washed with 5 times column volume (CV) of buffer P+20 mM KCl. The 

column was washed by 5 time CV with buffer P+20 mM KCl and eluted with 10 CV 

gradient between 20 mM KCl to 1 M buffer P. The protein fractions were then analyzed 

on SDS-PAGE and the gp4-containing fractions were combined together. The samples 

were diluted by 2-fold with buffer T+20 mM MgCl2; buffer T: consist of (20 mM K-

phosphate pH 6.8, 0.5 mM KCl, 0.5 mM DTT and 10% glycerol). The protein sample was 

loaded onto ATP-agarose column that was pre-washed with distilled water and 5 CV 

buffer T+10 mM MgCl2. The column was then washed with 5 CV buffer T+10 mM MgCl2 

and eluted with buffer T+20 mM EDTA. 1 mL fractions were collected and analyzed on 

SDS-PAGE, and those containing gp4 were combined and concentrated up to ~3mL using 

a filter centrifuge tube with 10 kDa cutoff, at 3750 rpm. The sample was dialyzed 

overnight in storage buffer containing (20 mM K-phosphate pH 7.5, 0.1 mM DTT, 0.1 

mM EDTA and 50% glycerol). Protein concentration was quantified by Nanodrop 

spectrophotometer using the extension coefficient factor of 69370 ml mg-1 cm-1. The 

purified protein has a concentration of 15 µM (monomeric) from the first preparation 

and 32 µM (monomeric) from second preparation and both preparations were stored at 

-80 Co 
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2.7 Single-molecule leading-strand synthesis assay  

The DNA substrate containing the replication fork was flown to the chamber at flow rate 

of 0.0225 ml/min for 30 min in loading buffer (50 mM Tric-HCl, pH 7.5, 50 mM NaCl, 2 

mM EDTA, 0.025% Tween-20, 1 mg/ml). The micro beads were then flown in the same 

buffer and flow rate. A ring-shaped magnet was positioned above the flow cell surface 

in order to left up the paramagnetic beads and prevent non-specific interaction 

between the beads and the surface. The proteins were then flown and the tethered 

DNA were incubated with 10 nM of hexameric gp4 and 40 nM of gp5/trx in the 

replication buffer (40 mM Tri-HCl pH 7.5, 50 mM potassium-glutamate, 0.1 mg/ml BSA, 

600 µM dNTPs, 3 mM DTT) for 15 minutes to allow the replisome to assemble on the 

replication fork. The free protein were washed by flowing protein-free replication buffer 

for 5 min. DNA synthesis was then triggered by flowing replication buffer containing 10 

mM MgCl2 at a flow rate of 0.0225mi/min that give the force of 2.8 pN. The replication 

were acquired by Charged Coupling Device (CCD) camera with time resolution of 0.5 

second and 3000 frames were recorded. The experiment was carried out at room 

temperature. 

2.8 Data analysis 

3000 frames with time resolution of 500 millisecond were acquired under 10X objective 

on a CDD camera. The pixel size on the CCD camera has been determined using a 

micrometer grid slide, which yield a resolution of 0.492 µm per pixel. The trajectories 
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were extracted by tracking the position of the beads at each frame using Dia Trck 

software by fitting the central position of the beads with 2-D Gaussian distribution. Then 

the trajectories were plotted by beads position against time using the analysis software 

Origin. The movement of the beads, due to conversion from double strand to a single 

strand DNA, were converted to base pairs using conversion factor of (3.86 b/nm) via 

Matab software script (see Appendix 1). The baseline trace of a bead that is not 

enzymatically altered is subtracted for all the traces of interest to reduce the Brownian 

background fluctuation noise. The processivity was indicated by the shortening length of 

DNA from the start to the end of the shortening event, while the rate of the replication 

was reported by fitting the shortening phase with a linear-regression function. The 

measurements of processivity were fit to single exponential decay and the rate of 

replication were fitted to Gaussian distribution. 

2.9 Fluorescent microscopy  

The control experiment of the short substrate and the quality of the surface is done by 

using total internal reflection fluorescent (TIRF) microscopy (Olympus) with the help of 

Vlad-Stefano Raducano (KAUST). The DNA was flown to the chamber at a flow rate of 

12.5 µl/min in the loading buffer, then washed with a gradient of salts concentrations 

(150 mM, 250 mM and 35 0mM NaCl) to help to further removing any nonspecific 

interaction with the sirface. For image acquisition, the DNA was stained by 0.5 µM of 

SYTO® 9 Green dye, and excited with green laser. The fluorescence signal was collected 

by the objective using green-band pass filter of 532 nm. The images were recorded by a 
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CCD camera at 100X objective with time resolution of 50 millisecond and various 

number of frames were recorded.  
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CHAPTER 3 
 

Results 

3.1 Observing DNA synthesis at the single molecule level 

I started by constructing the standard λ DNA substrate and using it to be trained on the 

single molecule flow stretching assays. To make λ DNA, I first assembled the replication 

fork, as described in the Material and Method chapter, that contains the biotinylated 

arm and the primer that is essential for the polymerase to start DNA synthesis. This fork 

was annealed to the 12-bp overhang of one end of the λ DNA. On the other end of λ 

DNA, a complementary sequence containing the digoxigenin arm was annealed to the 

12-bp overhang. Using calibrated setup, I established the conditions for pre-assembling 

leading strand synthesis as described previously (add JB Lee reference in Nature 2006). 

Briefly, gp5/trx and gp4 were flown in the presence of dNTP but without the co-factor 

Mg2+ ions. This was followed with a buffer-washing step to remove any DNA unbound 

proteins. The reaction was triggered by the introduction of buffer containing Mg2+ and 

dNTP. During leading strand synthesis, the surface-tethered lagging strand will be 

converted from ds- to ss-DNA to result with an overall shortening of the DNA. Figure 3.1 

showed a trajectory of DNA shortening as a result of leading strand synthesis. The 

processivity is given by the total amount of shortened DNA and the rate is by the slope 

of the DNA shortening phase. With the establishment of leading strand synthesis, I 

moved next to develop strategies to make a short DNA construct that contains abasic 

lesion at a specific site.  
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Figure 3.1: DNA replication on the single molecule level. (a) A representive trajectory 
for single DNA replication where the rate is the slope (~150 bp/s) and processivity is ~ 
11kb. (b) The average processivity 5.4 kb per binding event fit with a single exponential 
decay. (c) The average velocity which is 111.2 bp/s fit with Gaussian distribution.   

3.2 Making the 13.7 kb DNA construct 

In order to construct DNA substrate containing abasic site, the DNA construct was 

designed in our lab by first making λ DNA as described in the previous section. The ~48 

kb λ DNA was then digested with the restriction enzymes EcoRI and ApaI to generate 

two fragments: a fork containing 3.6 kb and a dig containing 10.1 kb (figure 3.2, a). The 

3.6 kb digest was first ligated to the insert containing the abasic site with a ratio of 1:100 

respectively and purified. In the last step, the 10.1 kb fragment was ligated to the 3.6 
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kb-insert to generate the final 13.7 kb product that contains the replication fork, the 

abasic site at 3.6 kb and the dig at 13.7 kb (figure 3.2, c).  

The yield of the digested product by ApaI after gel extraction was initially very low, 

unlike that of the EcoRI digest that was 3-fold more concentrated than the ApaI digest. 

Therefore, it was extremely difficult to purify the 13.7 kb construct from the final 

ligation reaction, as we can barely see the ligated band on the gel (figure 3.2,b). 
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Figure 3.2. Steps for constructing the 13.7 kb DNA substrate. (a) A scheme of λ DNA 
containing the fork is digested with EcoRI and ApaI (left) and gel image showing the 
digestion product bands (right). (b) The ligation of EcoRI fragments with an insert 
containing the abasic site (star) (left) and gel showing the ligated product (right). (c) The 
final 13.7 kb construct (left) and gel showing the ligation mixture (right). The 13.7 kb 
band is very low in concentration to the point where it is almost invisible on the gel. The 
two bands that flank it are the 20 kb product of self-ligation of ApaI digest (band 1) and 
the self-ligation of the EcoRI (7 kb) digest (band 2). 
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3.3 Force calibration of 13.7 kb construct depend on the length of the 
DNA 

Before testing the 13.7 kb construct for single-molecule leading strand synthesis 

experiment, I calibrated the drag force exerted on the DNA. The drag force is calculated 

based on the Equipartition Theorem equation by measuring two variables: the mean 

square displacement (MSD) that is obtained from the Brownian motion of the beads 

that is perpendicular to the flow direction, and the length of the DNA by recording the 

position of the beads upon reversing the flow in opposite direction. The length of DNA 

in pixel was converted to µm in accordance with the calibrated pixel size in the CCD 

camera at the used magnification. Surprisingly, when measuring the DNA length under 

10X, I found that only 50% of the tethered DNA have the correct length ~4 µm, while the 

other 50% are shorter in length (~1-3.5 µm). This problem pertained in subsequent 

experiments and therefore triggered further control experiments.  

3.4 Substrate quality  

To eliminate the possibility that some existing ApaI and EcoRI fragments might interact 

nonspecifically with the surface or the DNA, we did single molecule beads-assay and 

flow only purified ApaI fragments from the digestion reaction. After flowing the 

paramagnetic beads, I observed no beads bound to any DNA (figure 3.3) or with the 

surface. This clearly shows that DNA binding is biotin dependent as predicted and that 

the surface is not sticky to the beads. 
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Figure 3.3: Image of the DNA coverage under 10X objective lens in the single molecule 
bead-assay. (a) The density of the tethered 13.7 kb DNA as observed by the number of 
beads on the screen (~250 beads). (b) View of the surface after flowing only ApaI 
fragments where only one bead was observed to attach to the DNA. 

 

To further have a clear insight into the surface quality and tethering of DNA to the 

surface, I used total internal reflection fluorescent (TIRF) microscopy to directly observe 

the DNA. The 13.7 kb DNA was flown to the chamber in loading buffer containing 50 

mM salt (NaCl). After 60 min of buffer washing, the DNA was stained with green 

fluorescent dye and imaged under flow (12.5 µl/min). The DNA was then washed with 

100 mM NaCl to remove any nonspecifically bound DNA to the surface (figure 3.4). The 

(a) 

(b) 
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density of the surface-tethered DNA was 300-400 under 100X objective lens. This 

number is 10-fold higher than the 200-300 tethered DNA at 10X in the bead assays 

(figure 3.3). Interestingly, the DNA length from the fluorescence experiment was 

uninform (figure 3.4), with what appears to be a mixture of a long and a small 

fragments.  

 

Figure 3.4: Fluorescent image of the unpurified 13.7 kb construct under 100X 
objective. The coverage of the impure 13.7 kb construct on 1:10 biotin:m-PEG surface. 

 

To get an overview of the length of DNA molecules observed in the fluorescence 

experiments, we flew EcoRI or ApaI fragments in separate chambers in loading buffer 

containing 50 mM NaCl and image them directly under TIRF. Surprisingly, the surface 

was fully covered with non-biotinylated ApaI fragments demonstrating that the quality 

of the surface might not be as good as originally thought based on the same control 
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experiment from the bead assay. On the other hand, the biotinylated EcoRI fragments 

appear as small dots on the surface (figure 3.5). After washing with 100 mM NaCl, we 

were able to remove most of the non-specifically bound ApaI fragment. It is possible 

therefore that in the bead assays that the drag force on the DNA was sufficient to 

immediately remove the nonspecifically bound ApaI fragment from the surface to result 

with no tethered bead being observed. Nonetheless, we could still see some ApaI 

fragment that are attached to the surface in the fluorescence experiment even after 

increasing the salt concentration in the washing buffer up to 250 mM NaCl (figure 3.5), 

which might reflect an intrinsic level of defect in the surface preparation such as some 

exposed glass surface that doesn’t get fully passivized by the PEG treatment. The EcoRI 

fragment on the other hand was observed even after high salt wash. It is possible 

therefore that mixture of longer and shorter fragments seen in the 13.7 kb construct to 

reflect the 13.7 kb and the self ligated 7 kb EcoRI fragment and not the self ligated 20 kb 

fragment of AbaI.  

The high percentage of the 13.7 kb fragment in the fluorescence experiment suggest 

that either the bead binding efficiency to the antidig is low or that multiple DNA are 

tethered to a single beads. The later scenario is intriguing since it would explain why the 

DNA was short in some beads.    
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Figure 3.5: Fluorescent image of the 1:10 bioti:m-PEG surface coverage with EcoRI and 
ApaI fragments. (a) Image of the surface coverage after flowing ApaI fragments with 
normal salt concentration of 50mM, (b) The coverage after washing with 150 mM salt. 
(c) Coverage of the EcoRI fragments with 50mM salt and (d) after washing with 150mM 
salt. 

3.5 PCR 3.6 kb 9.9 kb fragments 

The fundamental issue we were facing with the aforementioned procedure is that the 

yield of the 13.7 kb was very low, which made it difficult to purify it. This together with 

the nonspecific DNA binding to the surface might introduce heterogeneity in the DNA 

(a) (b) 

(c) (d) 
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length. In order to improve the initial concentration of DNA and consequently the yield 

where we can purify it, I followed a different protocol. PCR was performed to amplify 

the 3.6 kb and 9.9 kb fragments from λ DNA. Upon optimization, the PCR reaction 

worked well yielding high concentration of each fragment. The fragments were then 

purified (figure 3.5) and digested by the restriction enzymes EcoRI and HindIII for the 3.6 

kb PCR product and ApaI for the 9.9 kb PCR product, respectively. Insert containing the 

damage site was then ligated to the 3.6 kb fragments, followed by ligation to 9.9 kb 

fragment. The ligation product was then purified and ligated to the replication fork. 
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Figure 3.5: PCR amplification for the 13.5 kb substrate. (a) Scheme of the steps in 
making the 13.5 kb substrate. (b) Gel image of the PCR product of the 3.6 kb and 9.9 kb.  

 

(a) 

(b) 
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3.6 Specificity of the functionalized coverslip surface 

We showed that EcoRI and ApaI fragments could attach to the coverslips surface via 

their biotin or single strand region (sticky ends overhang), respectively. The distribution 

of the tethered DNA on the surface might be the cause for the variation in the length of 

the DNA molecules. The TIRF experiment were revealing as they helped us identify the 

source of the problem that resulted in 50% of the DNA being short, where one bead 

could bind multiple DNA molecules. To solve this problem I enhanced the distribution of 

the DNA by increasing the ratio of m-PEG to 1:100 biotin-PEG:m-PEG instead of 1:10. 

This resulted in better distribution of the DNA as observed directly under TIRF and also 

the homogeneous length of the DNA increased to 80%. 

The TIRF experiments also helped us to revise our DNA immobilization procedure, 

where we introduced a high salt buffer washing step to remove nonspecifically bound 

ApaI fragment before introducing the beads. However, this is not sufficient to fully solve 

the issue of heterogeneity in the length of the DNA. I anticipate that with the PCR 

approach, that I will be able to purify the final construct and completely eliminate the 

problem in the heterogeneity of the DNA.   
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CHAPTER 4 

4.1 Discussion 

Single molecule experiments have been a powerful approach for studying protein-

protein interactions. Here I am aiming to study the interaction of the bacteriophage T7 

replisome when encountering a DNA damage using single molecule DNA flow stretching 

assays. In these experiments, we follow the length of individual DNA molecules that are 

tethered to the surface from one end and to a magnetic bead at the other end. We rely 

on the difference in elastic property of ssDNA and dsDNA at regime forces where the 

length of dsDNA is much longer than ssDNA. This assay therefore can follow enzymatic 

activities that interconvert the DNA between ss- and ds-form. This assay has been 

applied successfully to study the replication of bacteriophage T7 and E. coli (49) As 

opposed to magnetic tweezers and optical trapping, this assay is multiplex allowing the 

simultaneous visualization of several hundreds of tethered DNA molecules. This feature 

is key when studying the activity of multi-protein complexes at the single molecule level 

such as the replisome, since yield of correctly assembled events decrease upon 

increasing the complexity of the system.  

I started the thesis work using the standard substrate λ DNA. The DNA is anchored to 

the surface via biotin-streptavidin interaction and on the other end to a micro bead by 

dig-anitidigoxegenin interaction. I established leading strand synthesis under condition 

where a single copy of T7 polymerase and helicase mediates leading strand synthesis. 

The rate and processivity that I obtained are similar to those published in literature.  
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In order to study the encounter of leading strand synthesis with a lesion site, I spent 

significant effort of the thesis work to establish a proper DNA construct. The damage 

site need to be located away from the replication fork where we can be confident that 

we have the resolution to detect DNA shortening but not to far where it beats the 

processivity of the replisome. The ideal length was around 3 kb, which is well above the 

processivity of leading strand synthesis. We also decided to have ~10 kb of DNA post the 

lesion site. This length would allow us to confidently detect synthesis beyond the lesion 

site in the event the replisome bypass the lesion site. It is also long enough for DNA 

shortening to take place while keeping the beads away from the surface.  

We first design a 13.7 kb DNA substrate that is originated from λ DNA by restriction 

enzymes and ligation steps. First the fork, the biotin and digoxigenin arms were 

assembled on the 48 kb λ DNA. The λ DNA was digested by EcoRI and ApaI to generate 

two fragments of 3.6 kb and 10.1 kb, respectively. The two fragments were then ligated 

to a short oligonucleotide containing the lesion site to create a final DNA construct of 

13.7 kb. The process of restriction digestion, purification and ligation leads to significant 

loss of the DNA. Consequently, the yield of the final ligated 13.7 kb product was very 

low making it hard to purify (figure 3.2,c).  

When I performed the force calibration experiment, I found that only 50% of the DNA 

length were in the correct length (~ 4 µm) while the other 50% are shorter (1.5-3 µm). 

This variation in length could result from either the nonspecific stickiness of the DNA to 

poor quality coverslips or the density of the DNA leading to multiple DNA bound to the 
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surface. This triggered several subsequent control experiments where I turned my 

attention to fluorescence approaches to directly visualize the DNA.  

To eliminate the interference of the free EcoRI and ApaI fragments with the 13.7 kb DNA 

construct, we flow ApaI fragments separately and then the beads to see whether this 

short length is the 10.1 kb of ApaI, we found that there was no beads attached to the 

DNA. However, since we only see the beads it is difficult to conclude if ApaI attach to 

the surface of the flow cell. We observed similar results with the EcoRI fragment in the 

bead assays. However, since EcoRI fragment contains biotin, we can see clearly that it is 

able to the bind the surface under fluorescence microscope, demonstrating that bead 

binding to the DNA is dig/antidig dependent. 

By using fluorescent microscopy, we were able to visualize the DNA directly and test the 

quality of the substrate and the coverslips surface. The non-purified 13.7 kb that was 

flown to the chamber in blocking buffer containing 50 mM NaCl appeared in the 

beginning stuck to the surface. After washing with 150 mM, the nonspecific binding of 

DNA to the surface was omitted. We observed a high coverage of the 13.7 kb DNA on 

the surface. However, we only get ~250 tethered beads under 10X objective lens. These 

results immediately made us think that the close distance between the DNA molecules 

might lead to having multiple DNA molecules attached to a single bead. In fact, this may 

also explain the different length we observe in the force calibration experiment since we 

can only measure the length of the DNA by determining the position of individual 

tethered bead.  
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In another experiment we load the 13.7 kb DNA construct in normal 1X blocking buffer 

with 50 mM NaCl, and then we washed it with 150 mM NaCl to further release the DNA 

molecules, but when we decease the salt concentration back to 50mM it appears that 

the DNA molecules get stuck on the surface again. This may indicated that the 50 mM 

NaCl is not sufficient to prevent nonspecific interaction between the DNA and the 

surface, but at the same time increasing the salt concentration may lower the efficiency 

of the beads to bind to the DNA. This experiment led to modification in our bead assays 

where we introduced high salt washing step after the DNA immobilization step. 

Although we use 50 mM NaCl in the bead assay, we think that the drag force from the 

bead would be sufficient to release the nonspecific DNA interaction with the surface. 

Although there was no DNA-tethered beads when flowing ApaI fragments alone, the 

fluorescent imaging showed that the surface was covered with ApaI fragments that are 

appears to be stuck on the surface. Washing with higher concentration of salt (150mM 

NaCl instead 50 mM) released almost 90 % of the fragments. Nonetheless, few 

molecules remained attached to the surface. On the other hands, EcoRI fragment 

appears as dots under fluorescent microscopy. EcoRI fragment, unlike ApaI, contains the 

biotin arm, which cannot be washed from the surface. The ApaI fragment contains dig at 

its end and therefore would bind the bead. Introducing a high salt washing step after 

DNA immobilization would minimize this later problem. However, it remains possible 

that batch to batch differences in coverslips could result in more nonspecific binding of 
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AbaI fragment that might interfere with length measurement of the DNA. This could 

explain the variation we get in length of DNA from experiment to experiment. 

The quality of the surface also plays a part in the variation of the DNA length. The 

coverslips were functionalized by silanization followed by the incubating with biotin and 

m-PEG molecules with a ration of 1:10 respectively. At this ratio we observed high 

coverage of the DNA under 100X objective by the fluorescent microscopy. We increase 

the ratio of m-PEG molecules to 1:100 biotin: m-PEG and we obtain better distribution 

of the bound DNA molecules on the surface. It is clear therefore that the variation in 

length primarily resulted from multiple DNA molecules binding to the same bead.  

Overall, the thesis work showed that the quality of both the DNA substrate and the 

surface of the flow cell are essential elements in the single molecule DNA-stretching 

experiment. In order to proceed with the single-molecule DNA-synthesis assay to study 

the communication between the replisome and lesion, we came to the conclusion that 

it would be critical to optimize the methods to prepare the DNA substrate and purify the 

final construct. I started a new approach using PCR to make the two fragments with high 

yield. I successfully optimized the PCR condition and I also conducted the digestion and 

ligation steps.  

With the establishment of leading strand synthesis and the progress I made in 

optimizing the surface tethering of the 13.7 kb construct with the correct length using 

the restriction digestion approach of λ DNA, I am ready to start to investigate the 

encounter of bacteriophage T7 with the abasic lesion site. I also established a new 



63 
 

strategy that is based on PCR to increase the yield and purify the final 13.7 kb. This 

strategy will remove any issue with regard to experiment quality. It will also overcome a 

major problem that we recently started to realize with λ DNA, where the preparation 

protocol in the market result with highly nicked λ DNA. 
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APPENDICES 
 

Appendix A : MATLAB script to subtract the baseline form the traces and convert 

movement of beads to from micrometer to base pair using the conversion factor of 

(3.85).  

 

load c:\Tracking\rwdata.txt; 
data=rwdata; 
trace = zeros(m,n); 

  
for j=1:n 
    for i=1:m 
        trace(i,j)=(data(i,j)-base(i,1))*2593*3.85; 
    end 
end 

  
save c:\Tracking\corrected.txt trace -ascii; 
disp ('Done!'); 


