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ABSTRACT 
 

Toward the Reconstitution of the Maturation of Okazaki Fragments 
Multiprotein Complex in Human at the Single Molecule Level 

 
Luay Joudeh 

 

The maturation of Okazaki fragments on the lagging strand in eukaryotes is mediated by 

a highly coordinated multistep process involving several proteins that ensure the accurate 

and efficient replication of genomic DNA. Human proliferating cell nuclear antigen (PCNA) 

that slides on double-stranded DNA is the key player that coordinates the access of 

various proteins to the different intermediary steps in this process. In this study, I am 

focusing on characterizing how PCNA recruits and stimulates the structure specific flap 

endonuclease 1 (FEN1) to process the aberrant double flap (DF) structures that are 

produced during maturation of Okazaki fragments. FEN1 distorts the DF structures into a 

bent conformer to place the scissile phosphate into the active site for cleavage. The 

product is a nick substrate that can be sealed by DNA ligase I whose recruitment is also 

mediated by its interaction with PCNA. Using single-molecule Förster resonance energy 

transfer (smFRET) measurements that simultaneously monitored bending and cleavage 

of various DF substrates by FEN1 alone or in the presence of PCNA, we found that FEN1 

and PCNA bends cognate and non-cognate substrates but display remarkable selectivity 

to stabilize the bent conformer in cognate substrate while promoting the dissociation of 

non-cognate substrates. This mechanism provides efficiency and accuracy for FEN1 and 

PCNA to cleave the correct substrate while avoiding the deleterious cleavage of incorrect 

substrates. This work provides a true molecular level understanding of the key step during 

the maturation of Okazaki fragment and contributes towards the reconstitution of its entire 

activity at the single molecule level. 
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SUMMARY 
 

In this section, I will discuss the scientific questions that I am interested in and summarize 

the experimental approaches used to answer them, as well as the contribution of my work 

to the field of DNA replication and recombination. 

 

Defining the precise order and timing of recruitment of the proteins involved in the 

maturation of Okazaki fragments to the various DNA substrates at each step of the 

maturation process will give us a direct information of how these proteins interact with 

each other, the content of the maturation complex at each step and when a specific protein 

is recruited or released. For instance, according to the sketched model of the maturation 

process in (figure 1.4), it is still debatable whether RFC leaves the complex after loading 

PCNA or stays and moves along with the sliding PCNA. It is also unclear when exactly 

Pol δ dissociates from the maturation complex; is it after it forms the double flap structure 

or after it hands off the double flap substrate to FEN1. It is also important to know if FEN1 

and Ligase I can detect their substrates by themselves or they require the sliding clamp 

to guide them. All these questions are directing us to study how PCNA interacts and 

regulates the activities of Pol δ, FEN1 and Ligase 1 during the various steps of the 

maturation of Okazaki fragment. Do they all bind simultaneously through the three binding 

sites of PCNA and act in a tool built fashion or do they function sequentially by binding 

one at a time to PCNA. Furthermore, characterizing partial activities within the eukaryotic 

DNA replication fork, such as maturation of Okazaki fragments, will play key role in our 

future understanding of how the eukaryotic replication fork coordinates the activates on 

the leading and lagging strand. 

 

By this study; I aim to contribute to our understanding of the cellular DNA replication, 

specifically revealing aspects on the molecular mechanisms involved in the maturation of 

Okazaki fragments process by systematically reconstituting this activity. I am using 

purified proteins from human since our current understanding of the maturation of Okazaki 
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fragments is primarily based on reconstituted activities from yeast proteins. By combining 

conventional biochemical and biophysical techniques with the real time observation of 

single molecule techniques, I aim to provide a true molecular level understanding of the 

maturation of Okazaki fragments. In particular, my thesis work focuses on understanding 

the mechanism of substrate recognition by FEN1 and how its interaction with PCNA 

influences its activity and selectivity when encountering its correct or incorrect substrates. 

Such study would provide the necessary information on the physical interactions between 

these two key proteins at the replication fork. 

 

Furthermore, I have participated in the establishment of cloning and purification of several 

key proteins that I aspire to lead to the complete reconstitution of the maturation of Okazaki 

fragments reaction at the single molecule level and eventually the reconstitution of the 

fully functioning human DNA replication fork in our lab. Reconstituting such complex 

reactions at the single molecule level will also contribute to the development, optimization 

and advancement of single molecule biophysics from studying enzymatic activities 

mediated by individual proteins to those that are mediated by large multi-protein 

complexes. 

 

In Chapter 2, I will discuss the methodology and materials that produced the cumulative 

results of this thesis and contributed to other side projects, in which I have successfully 

cloned and expressed the key proteins involved in the maturation of Okazaki fragments in 

human including: Pol δ, FEN1, RFC and PCNA. Three of these proteins have been purified 

to homogeneity, RFC, FEN1, and PCNA. This was a monumental task that not only 

enabled me to study the mechanism of maturation of Okazaki fragments but also opened 

the window for many projects in our lab. The purification and cloning of these proteins also 

contributed to the establishment of molecular biology and biochemistry approaches in our 

newly established lab at KAUST. 
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In Chapter 3, I will discuss my work on the mechanism of substrate specificity in FEN1, 

where I contributed to the establishment of the FEN1 work in the lab and the single 

molecule FRET approaches. In particular, I have provided key mechanistic finding by 

characterizing the physical interaction of FEN1 with various DNA substrates using Surface 

Plasmon Resonance (SPR) as well as its cleavage activity in bulk. This work 

complemented the smFRET experiments that investigated how FEN1 induces DNA 

bending. This work granted me a second authorship on a paper that has been published 

in Cell Reports  (Sobhy et al. 2013) and another co-authorship contribution on a paper 

that has been recently published in eLIFE (Rashid et al. 2017). I am presenting smFRET 

work in this chapter that repeated majority of the experiments in our previous publication 

by Sobhy et al., to show that the high dissociation-binding constant reported in Sobhy et 

al. did not influence our previous conclusions. 

 

In Chapter 4, I will highlight my results that are in preparation for submission, where I 

dissected the molecular mechanism by which PCNA interacts with FEN1 on cognate and 

non-cognate substrates and unraveled how PCNA could in fact contribute to decreasing 

the fidelity of FEN1 by allowing it to cleave non-cognate substrates. These findings have 

fundamental bearing on our thinking on the regulation of FEN1 and PCNA activity, where 

we propose that they are likely to function within the context of the maturation of Okazaki 

fragment complex and in coordination with the strand displacement activity of Pol δ. 

I have been also involved in several collaborative projects that are not included in the 

thesis and will grant me co-authorship in future publications. In particular, I have generated 

fluorescently labeled PCNA and FEN1, established tracking of fluorescently labeled 

protein on flow stretched DNA at the single molecule level and designed a wide variety of 

different substrates that occur during the maturation process for the aim to investigate the 

mechanism by which FEN1 locates its substrate along dsDNA. I have tracked and 

calculated the diffusion coefficient of PCNA on DNA. I have also generated several key 

mutants of PCNA to investigate its two binding mode with FEN1. This project is handed 

over to a new PhD student. 
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In another collaborative project, I have been involved in investigating the adaptive 

mechanism of a new archaeal DNA polymerase isolated from the deep-sea brines of the 

red sea, which are unexplored environments characterized by high temperatures, anoxic 

water and elevated concentrations. In this study, we show that increasing negative surface 

charges and improving structural flexibility enable an archaeal DNA polymerase to adapt 

to harsh conditions, enabling us to engineer salt-tolerant chimeras of KOD DNA 

polymerase and tease out its rigid structural requirement for thermal adaptation. I have 

contributed to this study by characterizing the physical interaction of the new archaeal 

DNA polymerase, and different engineered KOD DNA polymerase mutants with different 

targets of DNA substrates using Surface Plasmon Resonance (SPR). These findings 

advance our understanding of the adaptive mechanism of halophilic DNA-binding 

enzymes. This granted me a co-authorship on a manuscript that is currently in submission. 
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CHAPTER ONE:   INTRODUCTION TO DNA REPLICATION 
 

 
1.1 Historic Perspective on DNA 
 

The basis of genetics started to develop nearly 150 years ago with the work of Gregor 

Mendel on pea plants that describes what came to be known as Mendelian inheritance. 

By the early 19th century, geneticists and mathematicians applied the basic principles of 

Mendelian genetics to various organisms and developed the statistical framework for 

population genetics. This led to the development of the Mendelian model that established 

the foundation for explaining evolution. 

 

Elucidating the building blocks of life was the aim of the young Swiss physician Friedrich 

Miescher, who was the first to notice the new enigmatic substance with different properties 

other than those of leucocytes proteins, after he obtained the first crude extraction of DNA 

and examined its new properties. He chose to term this novel substance ”nuclein” due to 

its occurrence in the cell nuclei (Miescher 1871). This turned the attention of biologists to 

understand the physical and chemical nature of the genetic material, which led to the 

identification of the four nucleotides building blocks by Phoebus Levene in 1929 (Bass 

1940). This discovery started the debate of how simple four-component molecule encodes 

for the complex heredity information of the cell. This debate settled by the work of Oswald 

Avery, Colin MacLeod and Maclyn McCarty that demonstrated experimentally that DNA is 

the substance that causes bacterial genetic transformation (Avery, Macleod and McCarty 

1944). The focus on new model organisms such as bacteria and viruses, with the 

discovery of the structure of DNA in 1953, marked the transition to the era of molecular 

genetics. 

 

The growing interest in studying DNA started a race to solve its structure leading to the 

discovery of the double helix, or as preferably called the twisted-ladder of DNA, by James 

Watson and Francis Crick (Watson and Crick 1953). Other X-ray analysis reports came to 
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support these findings and confirmed the repetitive helical structure of DNA (Franklin and 

Gosling 1953, Wilkins, Stokes and Wilson 1953) . These discoveries marked the beginning 

of modern molecular biology. 

 

The discovery of the DNA structure prompted more research focus on understanding the 

molecular mechanisms that duplicate and maintain the genetic material, leading to the 

discovery of the first DNA polymerase in 1956 (Lehman et al. 1958). This was followed by 

the work of Meselson and Stahl that proposes the semiconservative model for DNA 

replication in Escherichia coli (E. coli) through experiments that showed that 15N-labeled 

nitrogen supplied to growing E. coli is divided equally in the DNA of daughter cells 

(Meselson and Stahl 1958). The first description of the relationship between DNA and 

protein was possible using cell-free system, which show that RNA sequence is translated 

into amino acids sequence (Nirenberg and Matthaei 1961). This revolutionary finding 

started the establishment of the central dogma in life between replication, transcription 

and translation. 

 

1.2 Overview of DNA Replication 
 

DNA Replication is the process that passes the hereditary information encoded in the DNA 

sequence to the offspring. This process functions according to a set of highly conserved 

activities in all domains of life that separate the parental duplex DNA and copies their 

complementary strands with high efficiency and fidelity. DNA replication is initiated at the 

origin of replication(s) (oriC) in either sequence-dependent or -independent manner 

leading to the formation of a local ssDNA bubble with two replication forks. By loading 

DNA helicases at these two forks, the elongation phase of DNA replication starts by 

unwinding the parental dsDNA with the two forks moving in opposite direction (figure 1.1). 

The ssDNA-binding proteins bind to the exposed ssDNA regions to protect it, prevent 

strands re-annealing behind the helicase and interact with other replication components 

(Wold and Kelly 1988). The DNA synthesis process would start by synthesizing short RNA 
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or RNA/DNA primers via a DNA-dependent RNA polymerase termed the primase. This 

primer-template structure will work as a scaffold for the recruitment of the DNA 

polymerases. It also initiates the DNA polymerization activity by providing the 3’-OH group 

that mediates the substitution nucleophilic attack reaction on the incoming nucleotide in 

an active site that relies on at least two metal ions (Kato et al. 2001). The 3’-OH group 

therefore determines the directionality of the DNA polymerase, 5’→ 3’, and consequently 

the entire directionality of the two-replication forks. The polymerase requires an accessory 

protein that clamps the dsDNA and topologically links it to the DNA, termed processivity 

clamp. This enhanced the overall DNA binding affinity of the polymerase allowing it to 

synthesize longer stretches of DNA without falling off. All the replication proteins involved 

in the elongation phase functions in a concerted manner as part of large multi-protein 

assembly termed the “replisome”. Termination of DNA replication would occur when two 

oppositely moving replication forks from different oriCs on circular or linear genome or 

from the same oriC on circular genome meet one another. 

 

 

This figure is adapted from iGenetics 3rd edition book, PJ Russell, Pearson education Inc© 2010 

 

Figure 1.1: Main components of the DNA replication fork 1 
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1.3 Two Different Modes of DNA Replication 

 

The unidirectional movement of the replisome and the antiparallel nature of the parental 

DNA strands require different mechanisms for the synthesis of the leading- and lagging-

strands. On the leading strand, the DNA polymerase translocates continuously in the 

direction of the replication fork in coordination with the helicase in a mechanism that is 

mediated by direct protein-protein interactions. The opposite polarity of the lagging strand 

however forces the other polymerase to synthesize DNA in discontinuous mode to result 

in a series of short DNA fragments termed “Okazaki fragments” (Okazaki et al. 1967). 

These fragments are 1-2 kilobases in prokaryotes and 100-250 bases in eukaryotes 

(Okazaki et al. 1968, Huberman and Horwitz 1974, Gautschi and Clarkson 1975). Series 

of activities are required for synthesis of each Okazaki fragment including synthesis of a 

new primer, loading of the processivity clamp on the primer-template strand and binding 

of the polymerase to the primer-template strand and the processivity factor (Tseng and 

Goulian 1975). During synthesis, the lagging strand DNA polymerase associates with the 

processivity clamp (Tsurimoto and Stillman 1991), and upon completion of the Okazaki 

fragment the polymerase releases the processivity clamp and ‘hops’ to another 

processivity clamp at a newly synthesized primer (Stukenberg, Turner and O'Donnell 

1994). The replisome leaves the processivity clamp at the Okazaki fragments to recruit 

the maturation proteins, which complete lagging strand replication by replacing the RNA 

primers with DNA and sealing the nicked DNA gaps to conclude with a contiguous dsDNA 

(Beattie and Bell 2011, Waga and Stillman 1994). 

 

To resolve the directionality problem, it is proposed that the replisome would reverse the 

orientation of the lagging strand through the formation of the “replication loop” (figure 1.1). 

In this arrangement, the leading- and lagging-strand polymerases would be bound directly 

or indirectly to the helicase and are both moving in the same direction. The replication 

loops have been shown to exist in the model systems bacteriophage T7 by electron 

microscopy (Griffith, Huberman and Kornberg 1971, Park et al. 1998) and single molecule 

imaging (Hamdan et al. 2009) and in bacteriophage T4 by EM (Chastain et al. 2003). This 

replication loop would grow and shrink during each cycle of Okazaki fragment synthesis. 
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One of the longest standing questions with regard to the mechanism of the replisome is 

how it can perform a fine coordination between two very different modes of DNA synthesis 

and achieves similar rates of DNA synthesis on both strands. In contrast to the continuous 

leading strand synthesis, the discontinuous lagging strand requires much higher level of 

complexity that involves several proteins and steps. These steps are time consuming and 

are repeated over 10 million times per cell division in eukaryotes (estimated number of 

Okazaki fragment per cell cycle). It is therefore enigmatic to understand how the cell can 

coordinate these multi enzymatic reactions in a way where the rates of DNA elongation 

on both strands and the rates of steps involved in Okazaki fragments maturation, are 

consistent with the average rate of the eukaryotic fork of 50 nucleotides per second 

(Ayyagari et al. 2003) . Most of what is known about this coordination comes from work 

on the prokaryotic systems E. coli and its bacteriophages T7 and T4. It is proposed that 

during the slow primer synthesis, leading strand synthesis might pause  (Lee et al. 2006) 

or that lagging strand synthesis proceeds at faster rates than leading strand synthesis 

(Pandey et al. 2009). Both scenarios would allow coupling of leading and lagging strand 

synthesis in a way that they remain coordinated within the replication fork. The recent 

reconstitution of the yeast replication fork would certainly open the window to investigate 

the coordination between leading and lagging strand synthesis in eukaryotic systems 

(Yeeles et al. 2017, Georgescu et al. 2017). 

 

1.4 Prokaryotic Versus Eukaryotic Replisomes 

 

Reconstitution effort of the replisome components and characterization of their individual 

and concerted activities establish that it operates in a highly conserved principles from 

prokaryotes to eukaryotes, but with an increase in the number of its components and in 

the complexity of its regulation within the cell cycle in higher organisms (table 1.1) (Yao 

and O'Donnell 2010). In this section, I will give an overview of the prokaryotic and 

eukaryotic replisomes before focusing primarily on the maturation of Okazaki fragments 

that is mostly related to my thesis topic. 
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1.4.1 Prokaryotic replisome components 
 

The replisome composition in prokaryotic system (figure 1.2) is known to be much simpler 

than in eukaryotic systems. As most prokaryotes, the model system E. coli has all its 

genomic DNA in a single chromosome that contains only one specific oriC with 

approximate length of 245 base pairs (Oka et al. 1980). 
 

 

Table 1.1: The Main Components of the replisome among different systems 

COMPONENT T7 E.Coli Archea Eukaryotes 

POLYMERASE gp5/TRX Pol III Pol Pol δ/ε 

CLAMP - β PCNA PCNA 

CLAMP LOADER - τ3/δ/δ’/χψ RFC RFC 

SSB gp2.5 SSB RPA RPA 

PRIMASE gp4 DnaG Primase Pol α 

HELICASE gp4 DnaB MCM MCM2-7/CMG 



27 
 

 

This figure is adapted from (Yao and O'Donnell 2010) 

 

DnaB is the helicase protein in E. coli which encircles the lagging strand as a hexamer 

and uses the energy from ATP hydrolysis to translocate on it and unwind the parental 

duplex DNA. The two exposed strands are replicated by DNA polymerase III (Pol III) that 

consists of three subunits in complex with its processivity clamp β. The dimeric ring β 

clamp is actively opened in solution and loaded around the primer-template strand by the 

multiprotein complex τ3/δ/δ’/χψ termed the clamp loader. The ring opening and loading 

mechanism is an ATP-dependent and follow similar principles to those describe below for 

the eukaryotic counterpart. The clamp loader also organizes the replisome functions by 

binding simultaneously to the leading and lagging strand Pol III and DnaB through the C-

terminal extensions of its τ subunits (Dallmann et al. 2000, Gao and McHenry 2001). The 

three τ subunits are all able to bind to Pol III and therefore it is proposed that the E. coli 

replisome would have one Pol III acting on the leading strand and maybe two Pol IIIs 

acting on the lagging strand (McInerney et al. 2007). The primase activity encoded by 

DnaG synthesizes a 5-10 RNA primers to initiate the DNA polymerization activity of Pol 

III. The ssDNA-binding protein (SSB) coats the exposed ssDNA and coordinate the 

Figure 1.2: Components of the E. coli replisome 1 
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activities involved in the primer handoff from DnaG to the clamp/clamp loader complex 

and subsequently to the polymerase (Meyer and Laine 1990, Curth et al. 1996). 

 

The replication forks of bacteriophage T7 and T4 resembles that of the E. coli but with 

different number of proteins (table 1.1) and arrangement of the replisome. The most 

striking difference is that in bacteriophage T7 the leading and lagging strand polymerases 

are monomers that interact directly with the helicase, while in the T4 they are dimers that 

also interact directly with the helicase. Another key difference is that the processivity factor 

in T7 is simpler in that it doesn’t clamp the DNA and therefore doesn’t require an accessory 

proteins to recycle it, i.e. it recycles in complex with the polymerase without requiring its 

dissociation. Nonetheless, the three prokaryotic systems seems to coordinate their 

activities via similar principles (Hamdan and Richardson 2009). 

 

1.4.2 Eukaryotic replisome components 
 

Due to the high complexity of the eukaryotic genome in the form of various chromosomes, 

the presence of multiple origins of replication on each chromosome, the tight coupling of 

DNA replication to cell cycle, the continuous remodeling and post translational 

modifications of the replisome components throughout the cell cycle and its importance to 

maintain cell viability and genome integrity, all made the investigation of the eukaryotic 

replisome a highly active area of research. To achieve a coordinated replication of the 

entire genome, eukaryotic cells use an ordered series of steps that are regulated 

throughout the cell cycle to form the required assemblies of several key proteins at the 

origins of replication. 

 

The first insights into characterizing the eukaryotic replisome components were only 

available after the in vitro analysis of Simian Virus 40 (SV40) replication system. Stillman 

and his colleagues in 1998 presented a model of the SV40 replisome where it only requires 
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the Large T antigen (L-Tag) viral helicase, which bypass the complex initiation step of 

DNA replication through its active helicase property that can bind to the viral oriC and 

unwind it (Waga and Stillman 1998). L-Tag will subsequently hijack the rest of the host 

replication proteins to start the DNA synthesis of both leading and lagging strand (figure 

1.3-A). SV40 replisome is therefore a reasonable mimic of the cellular DNA replication 

machinery (figure 1.3-B). This allowed scientists to identify many of the protein 

components of the host cellular replisome. 
 

 

(A) The Simian Virus 40 replication fork, (B) The cellular replication fork. 

These figures were adapted from (Hamdan et. al., 2012). 

 

Regulation of the eukaryotic DNA replication starts at the G1 phase with the assembly of 

the helicase at the origins of replication. This helicase however is inactive double 

hexameric complex known as MCM. The MCM complex will exhibit the ATP-dependent 

replication helicase activity once activated in the subsequent S-phase of the cell cycle 

(Evrin et al. 2009, Remus et al. 2009). Helicase activation requires the minimal set of nine 

different factors that work on a sequential manner to convert the MCM double hexamer 

into two functional Cdc45-MCM-GINS (CMG) helicases (Yeeles et al. 2015). Helicase 

activation begins with Dbf4-dependent kinase (DDK) that phosphorylates both MCM4 and 

  

Figure 1.3: Model of the eukaryotic replisomes 1 
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MCM6 subunits. This will trigger the recruitment of Sld3/7 to the phosphor-peptides in 

MCM4 and MCM6 subunits. Sld3/7 binding will incorporate Cdc45 to the complex 

(Deegan, Yeeles and Diffley 2016). The phosphorylation of Sld3 and Sld2 by the cyclin 

dependent kinases (S-CDK) promotes the recruitment of Sld2, Dpb11, Pol ε, GINS, and 

MCM10 to the MCM complex (Tanaka et al. 2007, Yeeles et al. 2015, Zegerman and 

Diffley 2007). The exact components that remain assembled within the CMG complex are 

yet to be fully confirmed with different studies proposing distinct models. Some 

components do contribute to the activation step disengage from the complex such as 

Sld3/7, Sld2, and Dpb11 (Gambus et al. 2006, Kanemaki and Labib 2006, Tanaka and 

Araki 2013). While other components does remain associated with the complex such as 

Pol ε (Sengupta et al. 2013). 

 

Once the CMG complex is assembled and the cell cycle reached the S-phase, the second 

step of replisome proteins recruitment would begin, this step is called the replisome 

progression complex (RPC). Formation of RPC would include the recruitment of many 

additional proteins to the replication forks. These include Ctf4, Pol α, Csm3, Tof1, Mrc1, 

FACT, and Topo I (Gambus et al. 2006). Others reported that PCNA and Pol δ could 

localize to replication forks during this step but they are not shown to be stably associated 

with RPC (Yu et al. 2014). 

 

Moving to the next stage of replisome development, called the elongation complex, begins 

with the assembly of short RNA primers onto both unwound leading and lagging strands. 

The RNA primers are synthesized and extended with extra DNA nucleotides by the Pol α 

primase/polymerase activities. Pol α consists of a heterotetramer of the catalytic subunits 

that encode for the polymerase activity and the regulatory subunits that exhibit the primase 

activity (Loeb, Liu and Fry 1986, Kaguni and Lehman 1988, Perera et al. 2013). In the 

primase sub-assembly, the small subunit encodes for the primase activity and the larger 

subunit performs a critical role in determining the length of the primer via its Fe-S cluster 

domain (Klinge et al. 2007, Weiner et al. 2007). The polymerase subunit constitute the 
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largest subunit in Pol α that is linked to the primase sub-assembly by the B subunit 

(Uchiyama and Wang 2004, Klinge et al. 2009, Zhou et al. 2012). 

 

The eukaryotic priming process exhibits the counting phenomena which result in the 

continued elongation of a newly synthesized primers after the synthesis of the first 8-10 

nucleotides of RNA by the small primase subunit in Pol α, an intramolecular hand-off of 

the RNA primer to the polymerase subunit in Pol α followed by limited DNA extension of 

~20 nucleotides (Kuchta, Reid and Chang 1990, Sheaff and Kuchta 1993, Sheaff, Kuchta 

and Ilsley 1994). The length of this extra extension of RNA/DNA hybrid primer was found 

to be determined by following an unusual counting reaction that was first observed in the 

T7 primase that harbors a zinc-finger domain, whereby the zinc-finger domain of one 

primase molecule interacts with the polymerase domain of the neighboring primase 

molecule to provide it with a limited amount of template for synthesis (Qimron et al. 2006). 

In eukaryotes the counting mechanism is dependent on the presence of “Pol β-like” 

domain in the DNA polymerization subunit of Pol α that is responsible of the non-

processive elongation ability of Pol α (Zerbe and Kuchta 2002, Chagovetz, Sweasy and 

Preston 1997, Singhal and Wilson 1993). This will lead to the termination of RNA/DNA 

primer synthesis and the subsequent release of the completed primer. Structural studies 

revealed that the ability of Pol α to discriminate between different shapes of the primer-

template helix once a helical equivalent of deoxynucleotides has been added to the RNA 

primer is what leads to the spontaneous primer release (Kilkenny et al. 2012). The 

resultant 3′-terminus of the RNA-DNA primer would be directly available to be handed off 

for extension by Pol δ and Pol ε. The physical tethering of DNA polymerization activity and 

the primase activity in Pol α would facilitate its recycling onto the 3′-end of the next RNA 

primer after termination of RNA/DNA synthesis (Núñez-Ramírez et al. 2011). 

 

The hybrid nature of the RNA-DNA primers and their extra length compare to prokaryotic 

primers raises a fundamental question about fidelity of DNA synthesis, since these ~30 nt 

RNA/DNA primers are synthesized by the low fidelity Pol α that lacks the 3’−5’ 

proofreading exonuclease activity to remove and correct these segments. The current 
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evidence indicates that the DNA portion of the primer might be corrected by Pol δ as part 

of the maturation of Okazaki fragments as discussed below (Pavlov et al. 2006). The 

primer-template produced after the priming process provides a perfect structure for the 

active loading of PCNA by the ATP-dependent activity of RFC, which actively open the 

circular trimeric PCNA ring in solution and load it around the duplex region of the primer-

template strand, as discussed below. PCNA encircles the double stranded DNA and act 

as a scaffold that would recruit and regulate most of the replication machinery proteins 

including enhancing the processivity of Pol δ on the lagging strand (Tsurimoto and Stillman 

1991). Before the ligation of the completed Okazaki fragments, the RNA/DNA primer is 

excised by specific nucleases such as FEN1 and Dna2 depending on the length of the 

displaced 5’flap (Burgers 2009). 

 

1.5 The Maturation of Okazaki Fragments 
 

The first evidence for discontinuous DNA synthesis on the lagging strand was provided by 

Okazaki and his colleagues in 1966 when they observed short newly synthesized DNA 

pieces by pulse-chase techniques in prokaryotic cells, which will be subsequently joined 

and sealed into a continuous DNA strand (Sakabe and Okazaki 1966). Investigation of the 

mechanism of the maturation of Okazaki fragment suggests that it varies significantly 

between the three domains of life. In prokaryotic systems, it is mediated by DNA 

polymerase I that functions after the Okazaki fragment is released from the replisome. In 

archaea and eukaryotes, the replisome-associated lagging strand polymerases is directly 

involved in the process with the difference that for some unknown reasons the archaea 

replisome processes the Okazaki fragments at much faster rates (Matsunaga et al. 2003, 

Myllykallio et al. 2000, Böhlke et al. 2002). 

 

In eukaryotic cells, the maturation of Okazaki fragments (figure 1.4) is mediated by a 

series of processing steps. The first involves the removal of the RNA/DNA primers 

synthesized by the error prone DNA Pol α and its replacement with DNA by the high fidelity 
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Pol δ to ensure genomic integrity (Kao and Bambara 2003, Balakrishnan, Gloor and 

Bambara 2010, Balakrishnan and Bambara 2013b). This step is mediated by the strand 

displacement activity of Pol δ when it encounters the 5’ end of the previous Okazaki 

fragment. Replicative DNA polymerases usually don’t invade dsDNA and therefore 

requires the helicase unwinding activity. This helicase-dependent DNA synthesis mode 

on dsDNA is known as leading strand synthesis. However, Pol δ is unusual polymerase in 

that it has the ability to invade dsDNA on its own and therefore mediate limited DNA 

synthesis in the absence of the helicase (Stodola and Burgers 2016). A 5’-unannealed 

ssDNA flap at the nick junction (SF-DNA) is created which contains the RNA/DNA primer. 

At the nick junction, a one-nucleotide 3’flap is generated that is proposed to be a result of 

Pol δ entering into an idling mode during strand displacement synthesis whereby the 

primer-template strand shuttles in equilibrium between the polymerase and the 

exonuclease active sites (Garg et al. 2004). Upon dissociation of Pol δ, it leaves behind a 

final product known as the double flap substrate (DF-DNA) (figure 1.5). This branched DF 

structure is recognized by the structure specific Flap Endonuclease 1 (FEN1), which 

cleaves a phosphodiester bond located one-nucleotide into the duplex portion of the 5’flap 

at the nick junction (figure 1.5). Recent work from our lab showed that the structure left by 

Pol δ could be a SF that is being actively converted into DF by FEN1 itself (Rashid et al. 

2017). The one nucleotide 3’flap is complementary to the template strand and therefore 

would pair with the unpaired nucleotide on the template strand to result in a final nicked 

DNA product (figure 1.5). DNA Ligase 1 will be recruited to ligate all the nicks to form the 

final contiguous DNA lagging strand (figure 1.4). This process is coordinated by PCNA 

that interacts with Pol δ, FEN1 and Ligase 1 (Liu, Kao and Bambara 2004, Siegal et al. 

1992, Robins et al. 1994, Tsurimoto, Melendy and Stillman 1990, Stith et al. 2008). 
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Figure 1.4: Maturation of Okazaki fragments steps 1 

 

Figure 1.5: A schematic diagram of FEN1 reaction on DF-6,1 1 
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1.6 The Components of the Maturation Complex 
 

1.6.1 Flap endonuclease 1 (FEN1) structure and function 
 

FEN1 is a 43-kDa monomeric protein that act as a structure-specific nuclease (table 1.2). 

It poses both a 5'flap endonuclease and a 5'-3' exonuclease activities. It cleaves the 5'flap 

that is generated by the strand displacement synthesis of Pol δ on the lagging strand and 

of Pol β during long patch base excision repair. FEN1 is also involved in the DNA repair, 

by cleaving within the apurinic/apyrimidinic (AP) site-terminated flap. FEN1 also exhibits 

very weak 5'-3' exonuclease activity on nicked or gapped double-stranded DNA. FEN1 is 

therefore central protein in genome maintenance explaining why mutations that reduce 

FEN1 expression or alter its activity are linked to cancers and genetic diseases (Henneke, 

Koundrioukoff and Hübscher 2003, Kucherlapati et al. 2002, Zheng et al. 2007, Zheng et 

al. 2011, Balakrishnan and Bambara 2013b). 

 

Table 1.2: Flap Endonuclease 1 (FEN1) protein profile and attributes 

Alternative Names: DNase IV, Maturation factor 1 

Gene Names: FEN1 

Organism Homo Sapiens 

Molecular Weight 42.6 kDa 

Sequence Length 380 a.a 

Extinction Coefficient 22920 

Amino Acids Sequence  MGIQGLAKLI ADVAPSAIRE NDIKSYFGRK VAIDASMSIY 
QFLIAVRQGG DVLQNEEGET TSHLMGMFYR TIRMMENGIK 
PVYVFDGKPP QLKSGELAKR SERRAEAEKQ LQQAQAAGAE 
QEVEKFTKRL VKVTKQHNDE CKHLLSLMGI PYLDAPSEAE 
ASCAALVKAG KVYAAATEDM DCLTFGSPVL MRHLTASEAK 
KLPIQEFHLS RILQELGLNQ EQFVDLCILL GSDYCESIRG 
IGPKRAVDLI QKHKSIEEIV RRLDPNKYPV PENWLHKEAH 
QLFLEPEVLD PESVELKWSE PNEEELIKFM CGEKQFSEER 
IRSGVKRLSK SRQGSTQGRL DDFFKVTGSL SSAKRKEPEP 
KGSTKKKAKT GAAGKFKRGK 
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The structure of FEN1 in complex with a nicked DNA substrate bearing a one-nucleotide 

3’flap but misses the most critical substrate feature, the 5’flap, termed SF-0,1 (figure 1.6), 

illustrates how FEN1 utilizes superfamily conserved and unique structural elements to 

select for binding to the DF substrate (Tsutakawa et al. 2011). Two dsDNA binding sites 

that are spaced by one DNA helical turn interact primarily with the intact complementary 

strand and introduce a 100 degrees bent conformation on it. The first of these is a 

superfamily-conserved helix-two turn-helix (H2TH) motif, which binds K+ atom and interact 

with the downstream dsDNA. The second site contains in addition to the superfamily-

conserved β-pin and the hydrophobic wedge, a helix-loop-helix (HLH) motif, that together 

form the upstream dsDNA-binding site. The hydrophobic wedge binds at the base of the 

flap junction and may induce a complementary strand bending. A binding pocket formed 

by residues from the hydrophobic wedge and HLH motif selects for the 3’flap. A cluster of 

acidic residues forms a block on the 3’flap-binding pocket that selects against a 3’flap with 

more than one unpaired nucleotide. Removal of the 3’flap dramatically reduces FEN1 

endonuclease activity and alters its incision site (Kao et al. 2002, Finger et al. 2009, Liu et 

al. 2006). 

 

A helical gateway overseeing the active site guides the 5’flap into the active site. The 

opening of this gateway restricts access of ssDNA or ssRNA. A cap that extends from the 

gateway forms a cavity through which a 5’flap of only ssDNA or ssRNA can thread. The 

cap also limits access to the active site of a DNA with a free end. The FEN1:SF-0,1 

complex suggests that DNA bending activity provides a kinetic mechanism for substrate 

specificity by allowing FEN1 to interact with the 3’ and 5’ flaps and to place the 5’flap into 

the cap-helical gateway. The cap-helical gateway is unstructured in the absence of DNA 

(Sakurai et al. 2005) and therefore suggest that DNA binding would control active site 

assembly through inducing disorder-to-order transitioning (Tsutakawa et al. 2011, 

Chapados et al. 2004, Gloor, Balakrishnan and Bambara 2010, Patel et al. 2012). 
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The PDB ID used to generate this figure is 3Q8L (Tsutakawa et al. 2011). 

 

 

1.6.2 Proliferating cell nuclear antigen (PCNA) 
 

PCNA is an 86.3 kDa homo-trimeric protein that consists of three identical monomeric 

subunits (table 1.3). It was originally identified as an antigen that is highly expressed in 

the nuclei during the DNA synthesis phase of the cell cycle (Leonardi et al. 1992). PCNA 

is actively loaded on DNA through the ATP-dependent activity of RFC, which open the 

PCNA ring in solution and load it onto the primer-template strand by assisting its binding 

to DNA and its reassembly into the ring structure. PCNA acts beyond just a processivity 

factor for Pol δ. It is considered as a scaffold that recruits and supports the activities of 

many DNA processing proteins including those involved in translesion DNA synthesis, 

base excision repair, nucleotide excision repair, mismatch repair, recombination, 

chromatin assembly and remodeling, and cell cycle control (Tsurimoto 1999, Maga and 

Figure 1.6: Structure of FEN1 in complex with SF-0,1  1 
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Hubscher 2003, Moldovan, Pfander and Jentsch 2007, Naryzhny 2008, Zhuang and Ai 

2010). PCNA also plays a key role in DNA damage response by being frequently 

positioned at the replication fork to coordinate DNA replication with DNA repair and DNA 

damage pathways (Cazzalini et al. 2014). The first X-ray crystal structure of a eukaryotic 

PCNA was determined in 1994 from yeast (Krishna et al. 1994), followed by the release 

of human PCNA X-ray structure two years later (Gulbis et al. 1996). 

  

Table 1.3: Proliferating cell nuclear antigen (PCNA) protein profile and attributes 

Alternative Names: Cyclin, Sliding Clamp 

Gene Names: PCNA 

Organism Homo Sapiens 

Molecular Weight 28.7 kDa 

Sequence Length 261 a.a 

Extinction Coefficient 15930 

Amino Acids Sequence  MFEARLVQGS ILKKVLEALK DLINEACWDI SSSGVNLQSM 
DSSHVSLVQL TLRSEGFDTY RCDRNLAMGV NLTSMSKILK 
CAGNEDIITL RAEDNADTLA LVFEAPNQEK VSDYEMKLMD  
LDVEQLGIPE QEYSCVVKMP SGEFARICRD LSHIGDAVVI 
SCAKDGVKFS ASGELGNGNI KLSQTSNVDK EEEAVTIEMN 
EPVQLTFALR YLNFFTKATP LSSTVTLSMS ADVPLVVEYK 
IADMGHLKYY LAPKIEDEEG S 

 

The PCNA crystal structure (figure 1.7-A) reveals a ring-shaped homo-trimer with each 

subunit containing two independent and similarly folded domains; domain A is the N-

terminal region (residues 1–117) and domain B harbors the C-terminal region (residues 

135–258). These domains are connected together by an extended β sheet and a flexible 

linker (residues 118–134) called the interdomain connector loop (IDCL). The three 

monomeric subunits are arranged in a head-to-tail assembly with β strands extending from 

domain A of one subunit interacting with the β strands extending from domain B on an 

adjacent subunit, to form a β sheet that stabilizes this two subunit interactions. The head-

to-tail arrangement forms a PCNA homotrimer ring with an outer surface diameter of 
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Figure 1.7: Structure of PCNA 1 

approximately 80 Å and a central hole with a diameter of approximately 35 Å. The overall 

charge of PCNA is negative but the inner surface of the hole is positively charged due to 

presence of 12 α helices rich with lysine and arginine residues. It is believed that these 

internally localized positive charges promote the passage of the negatively charged DNA 

strands through the hole, which allows the sliding behavior of PCNA. The width of the 

PCNA ring is approximately 30 Å with a distinguishable front and back faces (figure 1.7-

B). The front face is involved in the functional interaction of PCNA with many proteins 

including the DNA polymerase and DNA ligase. The role of the back face of PCNA is less 

clear, possibly emerging as a post-translational modification site and is proposed to be 

likely involved in recruiting protein factors to the replication fork and holding them in 

reserve until they are required at the front face (Sakurai et al. 2005, Tsurimoto 1999). 

 

A       B 
 

 

 

 

 

 

 

 

 

   

 

(A) Front view of individual PCNA subunits blue. (B) Side view of front and back faces.  

The PDB ID used to generate this figure is 1PLQ, (Krishna et al. 1994). 

 

The highly interactive property of PCNA to various proteins is primarily mediated by the 

IDCL located at the front face of PCNA. This domain interacts directly with the PCNA-

interacting protein (PIP) motif on counter proteins. This PIP motif is a flexible eight-amino 
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acid peptide found in many nuclear proteins that interacts with PCNA by inserting its 

conserved glutamine into a small pocket in PCNA while its last five hydrophobic residues 

binds into a large hydrophobic pocket located near the IDCL (Maga and Hubscher 2003, 

Tsurimoto 1999, Hingorani and O'Donnell 2000). Even though the interactions between 

PCNA (IDCL) and partner proteins (PIP motif) employ a small region, these interactions 

are very important to recruit and support the activity of many cellular components 

explaining why mutations in the PIP motif or its deletion  weaken or abolish their PCNA 

binding activity (Sakurai et al. 2005, Stodola and Burgers 2016). 

 

1.6.3 Replication factor – C (RFC) 
 

The active human RFC complex consists of five distinct subunits with molecular masses 

of p140 (128.2 kDa), p37 (39.2 kDa), p36 (40.6 kDa), p40 (39.7 kDa), and p38 (38.5 kDa); 

alternatively RFC subunits are termed A-B-C-D-E, respectively (figure 1.8-A). It belongs 

to the AAA+-ATPase family, which use ATP hydrolysis as energy source to open the PCNA 

ring and catalyze its loading onto DNA mainly by binding the 3’ end of the primed DNA 

(Tsurimoto and Stillman 1991, Lee et al. 1991). 

 

The amino acid sequences of the five subunits share a high degree of homology (Podust 

and Fanning 1997, Bunz, Kobayashi and Stillman 1993, McInerney et al. 2007, O'Donnell 

et al. 1993, Chen, Pan and Hurwitz 1992). More specifically, the N-terminal of these 

subunits are homologous, while the C-terminal sequences of each subunit are unique, 

explaining why the subunits cannot substitute for each other in the formation of the five-

subunit active complex (Uhlmann et al. 1997). These subunits are arranged in an open 

ring shape that is held tightly by the interactions within their C-terminal domains (figure 

1.8-A). A gap domain between the N-terminal domains of two subunits allows DNA to 

access the central collar domain that can fit a duplex DNA in order to position it into the 

opened clamp (figure 1.8-B). RFC subunits and PCNA adopt a spiral conformation that 

matches the DNA double helix structure (Bowman, O'Donnell and Kuriyan 2004, 
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Figure 1.8: Schematic and backbone representations of RFC with PCNA and DNA 1 

Simonetta et al. 2009) (figure 1.8-B). Electron microscopy studies of an archaeal RFC-

PCNA-DNA-ATPγS complex and structure-based modeling also suggest that PCNA could 

form an open lock-washer conformation that docks on the surface of RFC in the presence 

of DNA (Miyata et al. 2005, Kazmirski et al. 2005). 

 

A             B 
 

 

 

 

 
 

(A) Top view of RFC from the PCNA-interacting face of the complex. (B) Side view of the RFC, PCNA 
and DNA complex. The five subunits of the RFC complex are referred to as RFC-A, RFC-B, RFC-C, RFC-

D and RFC-E, respectively.  

This figure is adapted from (Bowman et. al., 2004). 

 

Clamp loading and unloading activity is a dynamic and multistep process (Yao et al. 1996, 

Cai et al. 1998). Conformational changes in the clamp loader induced by ATP binding and 

hydrolysis modulate its interactions with both PCNA and DNA to drive the clamp-loading 

reaction. This reaction is proposed to occur in two phases. First, the binding of ATP to 

RFC subunits would trigger slow conformational changes enabling it to bind and open 

PCNA. This locks RFC and PCNA structures into an active state ready for DNA insertion 

inside the clamp. In the second step, DNA binding commits RFC to ATP hydrolysis that 

leads to further conformational changes leading to the closure of PCNA around the DNA, 

dissociation of RFC, and release of ADP and phosphate groups (Johnson et al. 2006). 
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1.6.4 DNA polymerase δ (Pol δ) 
 

Pol δ is a hetero-tetrameric protein complex that consists of four different subunits: POLD1 

(124 kDa), POLD2 (51 kDa), POLD3 (51 kDa) and POLD4 (12 kDa). POLD1 holds the 

catalytic component of the complex and exhibit the 3'-5' proofreading exonuclease 

activities. POLD1 requires the presence of the accessory proteins POLD2, POLD3 and 

POLD4 for full activity (Meng et al. 2009, Lin et al. 2013). POLD3 provides higher 

proofreading activity to the complex, while POLD4 shows a dramatic regulation of the 

polymerase and the 3' to 5' exonuclease activities of the complex where it increases its 

rate of DNA synthesis and decreases its fidelity (Li et al. 2006, Meng et al. 2010). 

 

In eukaryotes, Pol δ is one of the three required distinct DNA polymerases for the 

chromosomal DNA replication: Pol α, Pol ε and Pol δ (Maga et al. 2002). Pol δ is shown 

to play a central role in the replication of both leading and lagging strands (Waga and 

Stillman 1994) and in the maturation of Okazaki fragments process (Mozzherin et al. 1996, 

McConnell et al. 1996). Pol δ was considered the major DNA replicase among other DNA 

polymerases based on its indispensable role for cell viability (Boulet et al. 1989, Simon, 

Giot and Faye 1991, Sitney, Budd and Campbell 1989), while Pol ε activity is dispensable 

(Feng and D'Urso 2001, Kesti et al. 1999, Suyari et al. 2012). However, recent genetic 

mutations based studies proposed the division of labor between Pol δ and Pol ε, whereby 

Pol ε is assigned for the leading strand replication and Pol δ for the lagging strand (Larrea 

et al. 2010, Nick McElhinny et al. 2008, Pursell et al. 2007) which is the most recent widely 

accepted model of leading and lagging strand replication. The recent reconstitution of the 

yeast replication system shed light on this division of labor (Yeeles et al. 2017). This 

system showed that maximum rate of DNA synthesis is achieved when Pol ε synthesizes 

the leading strand. Pol δ is the lagging strand polymerase but Pol δ could also replace Pol 

ε on the leading strand but at much lower rates of DNA synthesis.  This reconstituted 

system supports the division of labor between Pol ε and Pol δ on the two strands but also 

suggest a dynamic model whereby Pol δ initiate limited DNA synthesis on the leading 
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strand before Pol ε takes over and can replace Pol ε in the events it dissociate from the 

DNA. 

 

Pol δ polymerization proccessivity depends on its association with the DNA clamp PCNA 

(Tan et al. 1986, Prelich et al. 1987). The main interaction with PCNA is found to be 

through POLD3 that harbor a PCNA binding motif (Reynolds et al. 2000, Ducoux et al. 

2001, Bermudez et al. 2002, Johansson, Garg and Burgers 2004). Others have reported 

evidences for this interaction to be mediated by POLD1 (Mo et al. 2000, Xu et al. 2001) 

and POLD2 (Lu et al. 2002). However, with all these opposite conclusions the exact nature 

of the physical interactions Pol δ with PCNA has yet to be clarified. 

 

1.7 Maturation of Okazaki Fragments, Genomic Stability and Cancer 

 

Eukaryotic cell proliferation is regulated by a highly complex network of processes that 

ensure the delivery of an accurately duplicated genome during cell division. Genomic DNA 

is most vulnerable during replication and therefore requires promotion of the DNA damage 

response (DDR) mechanisms. DDR is a network of signaling pathways that monitor the 

presence of DNA damage sites and recruit the DDR factors to these sites. It also plays a 

vital role in coordinating DNA replication with DNA repair, chromosome segregation, and 

cell cycle progression (Ciccia and Elledge 2010, Zhou and Elledge 2000). 

 

Failure to promote efficient and error-free DNA replication can result in DNA double-

stranded breaks (DSBs) and ultimately gross chromosomal rearrangements (GCR). The 

accumulations of these genomic alterations lead to an increased tendency of instability in 

the genome during the life cycle of the cell causing dysregulation in cell division and 

imbalance between cell growth and death. It is considered therefore as a major driving 

force for tumorigenesis (Kolodner, Putnam and Myung 2002, Mitelman, Johansson and 

Mertens 2007). 
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The components of the maturation process − Pol δ, RFC, PCNA, FEN1 and DNA Ligase 

I − are required not only during DNA replication but also in DNA repair (figure 1.9). 

Studying the mechanism of maturation of Okazaki fragment therefore will contribute to a 

better understanding of how cells integrate different cellular processes to ensure proper 

DNA replication and suppress genomic instability. This will provide more insight into how 

genetic mutations cause cancer or other pathological disorders such as Bloom syndrome 

and Werner syndrome. 
 

This figure is adapted from (Zhou and Elledge 2000) 

 

 

 

 

Figure 1.9: FEN1 at the maturation of Okazaki fragments and in long 
patch base excision repair (LPBER)1 
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1.8 In Vitro Reconstitution of the Maturation Complex 
 

 
Most of our understanding of the mechanism involved in the maturation of Okazaki 

fragment comes mainly from the reconstitution of its activities in yeast. Several models 

have been proposed to explain how the RNA/DNA primers are removed by nucleases and 

all of these models support the FEN1-dependent cleavage of the short primer flaps. 

However, depending on the length of the displaced flap, two distinct pathways have been 

proposed to describe the processing of the DF substrate. The length of the displaced 

ssDNA flap depends on the highly coordinated idling mode of action between the 

polymerase and exonuclease activities of Pol δ that limits its strand displacement 

movement and consequently the length of the 5’flap to around 2-10 nucleotide (Stith et al. 

2008, Liu et al. 2004, Garg et al. 2004). 

 

Cleavage of the DF substrate containing short 5’flap is mediated by FEN1 and PCNA; this 

is called the “FEN1-only pathway” (figure 1.10-A). In some cases, the length of the 

displaced flap will be longer due to its escape from FEN1 cleavage or due to the activity 

of other 5’-3’ DNA helicases such as the ATP-dependent DNA helicase Pif1. Long flaps 

of 30 nucleotides and more may attract RPA binding, which inhibits the access of FEN1 

to the 5’flap and consequently its endonuclease activity (Bae et al. 2001). In the “two-

nuclease pathway” of processing RPA-coated 5’flap, Dna2 uses its helicase activity to 

translocate on the ssDNA 5’flap displacing RPA, while performing several endonuclease 

cleavages on the long 5’flap. Dna2 however leaves a short flap of 5-7 nucleotides since it 

can’t cleave when being in close proximity to the 5’flap base. RPA is not able to rebind 

these short flaps as it is below its footprint allowing FEN1 to take over, presumably right 

after the dissociation of Dna2, to cleave the remaining short 5’flap (figure 1.10-B). Recent 

study however suggests that Dna2 can act on its own as a flap endonuclease by nicking 

the RPA-coated flap and performing a final incision to create a nick or a gap for their 

subsequent processing and/or ligation(Levikova and Cejka 2015). 
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A) FEN1-only pathway       B) Two nuclease pathway 

(A) The FEN1-only pathway, (B) The two nuclease pathway 

This figure is adapted from (Balakrishnan et al. 2010). 

 

It is technically difficult to measure the relative use of the two aforementioned pathways 

for the maturation of Okazaki fragments in vivo. Recent study however showed clearly 

that long flaps are generated during in vivo DNA replication providing a strong support for 

the requirement of the two-nuclease pathway but it remains unclear how often these flaps 

are generated and what mechanisms mediates their generation (Liu et al. 2017). 

Therefore, in vitro biochemical reconstitutions of individual and concerted activities 

combined with genetic information of these proteins is the primarily utilized strategy to 

understand their mechanism and why these two pathways evolved. These studies have 

supported the case for combined contribution of both pathways in removing the 5’flaps 

generated during the Okazaki fragments synthesis (Stith et al. 2008). 

 

For the last 15 years, the maturation of Okazaki fragments process was an attractive 

subject of research that resulted in the identification of its components and descent 

structural and biochemical characterization of its mechanism at the molecular level. 

Nevertheless, the spatial and temporal regulation of the maturation complex remains an 

active area of study. For example does PCNA regulates the access of FEN1 and Pol δ in 

sequential or tool-built manner? Does PCNA recruit Lig 1 and coordinate its activity with 

FEN1 in sequential or tool-built manner? What causes the 5’flap to escape FEN1 cleavage 

Figure 1.10: Displaced flaps Cleavage Models 1 
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activity? What are the underlying mechanistic steps involved in substrate recognition and 

cleavage by FEN1 and how PCNA influences these steps? Understanding such a 

spatiotemporal regulated questions and detail mechanistic information is very important 

to understand the mechanism of the maturation of Okazaki fragments. Single molecule 

approaches are well suited to answer such questions. 

 

1.9 Why Single Molecule Biology? 
 

The main limitation of ensemble measurement associated with traditional bulk biochemical 

approaches is the possibility of masking important individual variations in structural 

properties or transient intermediate dynamics at the molecular level where the individual 

behavior can’t be distinguished and only the average activity can be measured. As biology 

is becoming increasingly quantitative, it will be necessary to complement ensemble 

approaches with analysis of their individual units to gain an integrative systematic level of 

understanding for the complexity of any biological process. 

 

Early 90’s witnessed the emergence of single molecule biology, which established verity 

of imaging techniques that can record molecular movies of individual molecules and 

therefore overcoming the disadvantage of ensemble averaging associated with bulk 

assays. Since then, single molecule imaging established itself at the forefront of biological 

sciences by providing the missing information of the dynamic behavior of biomolecules 

and the nature of their interactions (Walter et al. 2008). In fact, single molecule imaging 

changed the way many biological questions are being addressed and drove more interest 

in developing new single molecule imaging techniques. 

 

Current single molecule imaging tools are divided into three different groups depending 

on their detection technique; optical, electrical or mechanical. In my thesis project I will be 

depending on optical methods that employ single molecule fluorescence or fluorescence 

resonance energy transfer (FRET) via either one-photon (direct single line laser) excitation 
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or multi-photon alternating laser excitation (ALEX) (Kapanidis et al. 2005) using a total-

internal-reflection-fluorescence (TIRF) objective based microscopy. TIRF enables the 

imaging of a single fluorophore by suppressing the fluorescence background from solution 

by restricting the depth of illumination to an evanescent wave layer of about 100 nm above 

the surface of a glass cover slip. FRET measures the non-radiative energy transfer 

between donor and acceptor molecules in distant dependent manner providing a 

molecular ruler that can measure intermolecular or intramolecular distances in the range 

of 1–10 nm (Ha et al. 1996, Roy, Hohng and Ha 2008). The combination of these two 

techniques has proven its advantage to conduct simultaneous multi-color excitation and 

detection of a single-molecule fluorophores with high spatial and temporal resolution. This 

provides a novel way in studying the distributions and the fluctuations of biomolecules and 

elucidating their reaction mechanisms by observing short-lived transient intermediary 

steps including conformational changes and dynamic interactions as well as building the 

timing mechanism of the steps by which biomolecules mediate their activities (Joo et al. 

2008). 
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CHAPTER TWO: MATERIALS AND METHODS 
 

 

 

 

Author’s Preface 

This chapter is focused on discussing the biological procedures, experimental design and 

general protocols used to establish controls and to generate scientific results of this thesis. 
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2.1 Gene Cloning and Expression Vectors 
 

2.1.1 Native human FEN1 (nFEN1) cloning 
  

The entry vector (pDONR201-hFEN1- Kanr) harboring the native human FEN1 gene 

sequence was a generous gift from Prof. Johannes Walter from the Howard Hughes 

Medical Institute, Harvard Medical School, Boston MA 02115, USA. The pDONR201-

FEN1 was amplified by transforming it into the DH5α electro-competent E.coli cells and 

then selected on LB agar plate supplemented with 50 µg/ml kanamycin. Cells were then 

inoculated into LB media for an overnight culture for DNA vector amplification and its 

extraction using the minipreparation protocol (Qiaprep® DNA extraction kit (Qiagen)). 

The nFEN1 cDNA fragment was isolated from the entry vector and transferred to the 

destination expression vector pDEST14 (Invitrogen) using the Gateway® LR Clonase 

enzyme mix that facilitate in vitro recombination between an entry clone attL-flanked 

“gene” (pDONR201-FEN1) and an attR-containing destination vector (pDEST14) to 

generate the expression vector containing the gene of interest (pDEST14-FEN1). 

pDEST14-FEN1-Ampr expression vector was successfully constructed and the intact 

FEN1 gene reading frame was confirmed by DNA sanger sequencing (DNA sequencing 

and synthesis facility in the core lab at KAUST). Sequencing results were aligned against 

the GenBank reference number (BT019524.1) identified in the NCBI gene library database 

as the WT-human-FEN1 cDNA, purified expression vector was stored at -20°C in Tris-

EDTA buffer for further use in the transformation and expression procedures. 

 

2.1.2 6xHis-SUMO N-terminal tagged FEN1 (6xHis-SUMO-FEN1) cloning 
 

The native human FEN1 cDNA fragment was isolated from the expression vector 

(pDest14-nFEN1) and transferred to the pE-SUMOPro expression vector (Life Sensors) 

using the polymerase chain reaction (PCR). In order to exactly introduce FEN1 at the end 

of the SUMO tag and to guarantee no excess amino acids will be left after SUMO protease 
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cleavage, I cleaved pE-SUMOPro with restriction enzyme BsaI (New England Biolabs; 

NEB). This will generate two sticky ends with four nucleotides overhang that must be 

ligated to a complementary four nucleotides overhang introduced to the ends of the FEN1 

sequence. I designed the forward primer to complement the first six amino acids 

sequences at the N-terminal of FEN1 except the ATG start codon and also to have the 

unique recognition sequence for restriction enzyme BsmbI (NEB) that will generate a 

sticky end of (5'-AGGT-3') that will anneal on the (5'-ACCT-3') sticky end located exactly 

at the end of the SUMO tag after cleaving pE-SUMOPro with restriction enzyme BsaI 

(NEB). The design of the reverse primer would include a sequence complementary to the 

last six amino acids of FEN1 including the TAG STOP codon as well as to have the unique 

recognition sequence for the restriction enzyme BsmbI (New England Biolabs; NEB), 

which will generate a sticky end of (5'-CTAG-3') that will anneal on the second sticky end 

(5'-CTAG-3') after cleaving pE-SUMOPro with BsaI. 

Forward primer (5'-TTCGTCTCAAGGTGGAATTCAAGGCCTGGCC-3') 

Reverse primer (5'-AACGTCTCACTAGCTATTTTCCCCTTTTAAACTTC-3') 

 

After performing the restriction digestion on the PCR product with BsmbI and the pE-

SUMOPro with BsaI and heat inactivation of the restriction enzymes at 65°C for 30 

minutes, the DNA fragments were subsequently purified using Qiaquick® PCR purification 

kit (Qiagen). Ligation reaction were performed by mixing the two restriction products with 

T4 DNA ligase reaction (NEB) incubated at 16°C for overnight. The expression vector pE-

SUMO-nFEN1-Kanr was successfully constructed and the intact 6xHis-SUMO-nFEN1 

gene reading frame was confirmed by DNA Sanger sequencing (DNA sequencing and 

synthesis facility in the core lab at KAUST). The purified expression vector was stored at 

-20°C in Tris-EDTA buffer for further use in the transformation and expression procedures. 
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2.1.3 ΔC-FEN1 cloning 
  

The ΔC-FEN1 (2-336) cDNA fragment was isolated from the expression vector (pDest14-

nFEN1) and transferred to the pE-SUMOPro expression vector (Life Sensors) using PCR 

in a similar fashion to the native FEN1 cloning technique into the pE-SUMOPro vector 

(Section 2.1.2). ΔC-FEN1 has the same reading frame as native FEN1 but missing the 44 

amino acids at the C-terminal that contains the PIP box region responsible for FEN1 

interaction with PCNA.  The design of the forward primer was the same as in native FEN1 

cloning to introduce ΔC-FEN1 at the end of SUMO tag. Nonetheless, the design of the 

reverse primer would include a TAG STOP codon at amino acid position 337 to terminate 

the reading frame and remove the C-terminal tail of the native FEN1. 

Forward primer (5'-TTCGTCTCAAGGTGGAATTCAAGGCCTGGCC-3') 

Reverse primer (5'-AACGTCTCACTAGCTAGGTGCTGCCTTGGCGGCTCTT-3’) 

 

The expression vector pE-SUMO- ΔCFEN1-Kanr was confirmed by DNA Sanger 

sequencing and the purified expression vector was stored at -20°C in Tris-EDTA buffer for 

further use in the transformation and expression procedures. 

 

2.1.4 Native PCNA expression vector 
 

Native PCNA gene expression vector (pT7-PCNA-Ampr) was a generous gift from Prof. 

Yuji Masuda from the Research Institute for Radiation Biology and Medicine, Hiroshima 

University, Hiroshima 734-8553, Japan (Masuda et al. 2007). pT7-PCNA vector was 

originally constructed by inserting the 900-base pair human PCNA cDNA sequence into 

NotI and XbaI sites between the T7 RNA polymerase promoter and the terminator 

sequences of pGEMEX-1 (Promega). The 900-base pair cDNA fragment was isolated by 

PCR from the human PCNA expression plasmid pT7hPCNA (Source: Dr. Bruce Stillman 

from The Cold Spring Harbor Laboratory, Cold Spring Harbor, NY). 
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2.1.5 6xHis N-terminal tagged PCNA cloning 
 

The addition of 6x histidine amino acids tag to the N-terminus of the native PCNA gene 

was carried out by PCR and blunt end ligation using the expression vector pT7-PCNA-

Ampr. Forward and reverse primers were designed to complement the original amino acid 

sequence of pT7-PCNA vector with the introduction of 3x histidine amino acid with the 

forward primer and 3x histidine amino acids with the reverse primer, followed by DNA 

purification using Qiaquick® PCR purification kit (Qiagen) and blunt end ligation with T4 

DNA ligase reaction (NEB) at 16°C for overnight. 

Forward primer (5'-CATCATCATTTCGAGGCGCGCCTGGTCCAGGGCTCCATCC-3') 

Reverse primer (5'-GTGGTGGTGCATATGTATATCTCCTTCTTAAAGTAAACA-3') 

 

The expression vector pT7-6xHis-PCNA-Ampr was confirmed by DNA Sanger 

sequencing. The sequencing results were aligned against the GenBank reference number 

(NM_002592.2) identified in the NCBI gene library database as the WT-human-PCNA 

cDNA. The purified expression vector was stored at -20°C in Tris-EDTA buffer for further 

use in the transformation and expression procedures. 

 

2.1.6 Native RFC expression vectors 
 

The expression vectors harboring the native gene sequences of the five subunits of human RFC 

protein, pGBM-RFC1, pET-RFC4/2, and pCDFK-RFC3/5 were a generous gift from Prof. Yuji 

Masuda from the Research Institute for Radiation Biology and Medicine, Hiroshima University, 

Hiroshima 734-8553, Japan (Masuda et al. 2007). 
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2.2 Expression Vector Transformation 
 

All expression vectors have been transformed into host E. coli cells following the thermal 

shock chemical transformation procedure. Plausible E. coli host strain were thawed on ice 

for 10 minutes, mixed with the desired expression vector and incubated on ice for 5 

minutes before incubating it at 42°C water bath for 30-40 s followed by a thermal change 

shock by placing it directly into ice bath and another 15 minutes of incubation at ice to 

ensure proper trapping of the expression vector inside the host bacterial cell. 

 

Transformed cells were enriched with SOC medium and incubated at 37°C for at least 1-

2 hours, followed by plating the cell culture on LB agar plates supplemented with the 

specific antibiotic for transformed cells selection. Typically, 10-12 colonies were picked for 

master plate preparation of which expression levels would be confirmed at small scale (5-

ml) before moving to a large-scale culture. 

 

2.3 Host Cells Cultivation, Expression Induction and Harvesting 
 

2.3.1 Native FEN1 gene expression 
 

The expression vector pDest14-nFEN1-Ampr was transformed into Rosetta 2(DE3) PlysS 

chemically competent cells and selected on LB agar plate supplemented with 100 µg/ml 

ampicillin. A volume of 2 L LB medium in a 6 L flask were inoculated with the transformed 

cells and grown at 30°C to an OD600 of 0.7, and then overexpression was induced by the 

addition of 0.5 mM IPTG. Cells were harvested after 8 hours of IPTG addition by 

centrifugation at 6,000 xg for 10 minutes. Subsequent steps were performed in ice bath 

or inside the cold room at 4°C. Collected cell pellets were weighted and then resuspended 

in 1 ml storage buffer (50 mM Tris pH 7.5; 300 mM NaCl; 10 mM β-mercaptoethanol) per 

1 gram of cell pellets, followed by flash freezing in liquid nitrogen and storage at -80°C for 

further purification. 
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2.3.2 6xHis-SUMO-FEN1 gene expression 

 

The expression vector pE-SUMOPro-nFEN1-Kanr was transformed into BL21 (DE3) 

chemically competent cells carrying the T7 RNA polymerase gene under the control of the 

lac UV5 promoter and selected on LB agar plate supplemented with 50 µg/ml kanamycin. 

A volume of 10 L sterile TB medium in a 12 L fermenter vessel (Celligen Bioreactor, New 

Brunswick Co) was inoculated with the transformed cells and grown at 37°C with 300rpm 

agitation speed and 5.0 LPM aereation rate to an OD600 of 1.2, and then overexpression 

was induced by the addition of 0.5 mM IPTG. Cells were harvested after 6 hours by 

centrifugation at 6,000 xg for 10 minutes. Subsequent steps were performed in ice bath 

or inside the cold room at 4°C. The collected cell pellets were weighted and then 

resuspended in 1 ml storage buffer (50 mM Tris pH 7.5; 500 mM NaCl; 10 mM β-

mercaptoethanol) per 1 gram of cell pellets, followed by flash freezing in liquid nitrogen 

and storage at -80°C for further purification. 

 

2.3.3 Native PCNA gene expression 
 

The expression vector pT7-PCNA-Ampr was transformed into BL21 (DE3) chemically 

competent cells and selected on LB agar plate supplemented with 100 µg/ml ampicillin. A 

volume of 2 L LB medium in a 6 L fermenter vessel were inoculated with the transformed 

cells and grown at 37°C to an OD600 of 0.6, and then overexpression was induced by the 

addition of 0.5 mM IPTG. Cells were harvested after 8 hours by centrifugation at 6,000 xg 

for 10 minutes. Subsequent steps were performed in ice bath or inside the cold room at 

4°C. The collected cell pellets were weighted and then resuspended in 1 ml storage buffer 

(50 mM Tris pH 7.5; 300 mM NaCl; 10 mM β-mercaptoethanol) per 1 gram of cell pellets, 

followed by flash freezing in liquid nitrogen and storage at -80°C for further purification. 
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2.3.4 Native RFC gene expression 
 

The expression vectors pGBM-RFC1, pET-RFC4/2, and pCDFK-RFC3/5 were co-

transformed into BL21 (DE3) chemically competent cells and selected on LB agar plate 

supplemented with 100 µg/ml ampicillin, 20 µg/ml streptomycin, and 30 µg/ml kanamycin. 

A volume of 2 L LB medium in 6 L flask were inoculated with the transformed cells and 

grown at 15°C to an OD600 of 0.85, and then overexpression was induced by the addition 

of 0.5 mM IPTG for 24 hours. Cells were harvested by centrifugation at 6,000 xg for 10 

minutes. Subsequent steps were performed in ice bath or inside the cold room at 4°C. The 

collected cell pellets were weighted and then resuspended in 1 ml storage buffer (50 mM 

Tris pH 7.5; 300 mM NaCl; 10 mM β-mercaptoethanol) per 1 gram of cell pellets, followed 

by flash freezing in liquid nitrogen and storage at -80°C for further purification. 

 

2.3.5 6x-His PCNA gene expression 
 

The expression vector pT7-6xHis-PCNA-Ampr was transformed into BL21 (DE3) 

chemically competent cells and selected on LB agar plate supplemented with 100 µg/ml 

ampicillin. A volume of 2 L LB medium in a 6 L fermenter vessel were inoculated with the 

transformed cells and grown at 37°C to an OD600 of 0.6, and then overexpression was 

induced by the addition of 0.5 mM IPTG. Cells were harvested after 8 hours of IPTG 

addition by centrifugation at 6,000 xg for 10 minutes. Subsequent steps were performed 

in ice bath or inside the cold room at 4°C. Collected cell pellets were weighted and then 

resuspended in 1 ml storage buffer (50 mM Tris pH 7.5; 500 mM NaCl; 10 mM β-

mercaptoethanol) per 1 gram of cell pellets, followed by flash freezing in liquid nitrogen 

and storage at -80°C for further purification. 
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2.3.6 SUMO- ΔC-FEN1 gene expression 
 

The expression vector pE-SUMOPro-ΔC-FEN1-Kanr was transformed into BL21 (DE3) 

chemically competent cells carrying the T7 RNA polymerase gene under the control of the 

lac UV5 promoter and selected on LB agar plate supplemented with 50 µg/ml kanamycin. 

A volume of 10 L sterile TB medium in a 12 L fermenter vessel (Celligen Bioreactor, New 

Brunswick Co) were inoculated with the transformed cells and grown at 37°C with 300 rpm 

agitation speed and 5.0 LPM aireation rate to an OD600 of 1.2, and then overexpression 

was induced by the addition of 0.5 mM IPTG. Cells were harvested after 6 hours of IPTG 

addition by centrifugation at 6,000 xg for 10 minutes. Subsequent steps were performed 

in ice bath or inside the cold room at 4°C. The collected cell pellets were weighted and 

then resuspended in 1 ml storage buffer (50 mM Tris pH 7.5; 500 mM NaCl; 10 mM β-

mercaptoethanol) per 1 gram of cell pellets, followed by flash freezing in liquid nitrogen 

and storage at -80°C for further purification. 

 

2.4 Protein Purification Procedures 
 

2.4.1 Native human FEN1 (nFEN1) purification 
 

The protocol was established and modified based on the first purification protocol of the 

native form of hFEN1 (Harrington and Lieber, 1994). Frozen cells were thawed on ice-

chilled water, re-suspended in lysis buffer (50 mM Tris pH 7.5; 300 mM NaCl; 10 mM β-

mercaptoethanol; 1 mM PMSF; 0.1 % Triton X-100) while shaking at room temperature 

for 20 minutes. 

 

All further steps were performed at 4°C. Sonication was carried out to completely lyse the 

cells and cell lysate was cleared by centrifugation at 30,000 xg for 45 minutes. 

Supernatant was collected and diluted to conductivity equivalent to a buffer containing 100 

mM NaCl and incubated in batch with 50 ml of DE52 pre-swollen microgranular DEAE 

anion exchange cellulose (Whatman) that was pre-equilibrated with (50 mM Tris pH 7.5; 
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100 mM NaCl; 10 mM β-mercaptoethanol) while gently stirred for 1 hour. Supernatant was 

then cleared by centrifugation at 30,000 xg for 10 minutes, and loaded into CHT Ceramic 

Hydroxyapatite (Biorad) column equilibrated with (10 mM Kpi, 100 mM NaCl, 5 mM DTT). 

Protein fractions were eluted at conductivity equal to a buffer containing 250 mM Kpi. 

Collected fractions were dialyzed against (50 mM Tris pH 7.0, 100 mM NaCl and 10 mM 

β-mercaptoethanol) and then loaded into a Mono S 5/50 GL cation exchange column (GE 

HealthCare). Protein fractions were eluted at conductivity equal to a running buffer 

containing 300 mM NaCl. 

 

Corresponding fractions were pooled and concentrated to 1 ml volume and loaded into 

Hiload 16/60 Superdex 75-PG size exclusion column (GE HealthCare), which was 

equilibrated with (50 mM Tris pH 7.5; 150 mM NaCl; 5 mM β-mercaptoethanol). Protein 

was eluted at around 30% of the column size and fractions were pooled and dialyzed 

against storage buffer (50 mM Tris pH 7.5, 150 mM NaCl, 10mM β-mercaptoethanol and 

50% Glycerol) and stored at -20°C. Protein concentration was determined by Bradford 

assay as well as A280 (NanoDrop UV-Vis spectrophotometer, Thermo Scientific) using 

ε280 = 22920 M-1 cm-1. 

 

2.4.2 6xHis-SUMO-FEN1 purification 
 

Frozen cell pellets expressing the 6xHis-SUMO-FEN1 protein were thawed on ice and 

lysed by sonication in lysis buffer-N (50 mM Tris-HCl pH 7.5, 10% glycerol, 250 mM NaCl, 

10 mM BME, 25 mM Imidazole). Cells lysate was cleared by centrifugation at 30,000 xg 

for 45 minutes. Supernatant was loaded onto Ni-NTA column, washed extensively with 

buffer-N and eluted with 20-column volume (CV) linear gradient against buffer-N+250 mM 

Imidazole. Fractions containing FEN1 were pooled and N-His6-tag SUMO protease (Ulp1) 

was added to cleave off the His6/SUMO tag residues while being dialyzed against buffer-

N at 4°C overnight. The cleaved His6/SUMO tag and His6-Sumo protease were captured 

by the Ni-NTA while FEN1 went into flow through. FEN1 was collected and diluted to 100 

mM NaCl with buffer-M (50 mM Tris-HCl pH 7.5, 10% glycerol, 10 mM BME). FEN1 was 
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then loaded onto Mono-Q column (GE Healthcare) with buffer-M+100mM NaCl, washed 

extensively with buffer-M+100 mM NaCl and eluted with a linear gradient of 15-CV against 

BufferM+1M NaCl. Fractions containing FEN1 were pooled, concentrated and loaded onto 

HiLoad 16/60 Superdex 75 column using (50 mM Tris-HCl pH 7.5, 10% glycerol, 300 mM 

NaCl, 10 mM BME). Fractions containing FEN1 were dialyzed against buffer-S (50 mM 

Tris-HCl pH 7.5, 50% glycerol, 300 mM NaCl, 10 mM BME), flash frozen and stored at -

80°C. 

 

2.4.3 Native PCNA purification 
 

Cells were thawed in ice-chilled water, and lysed by the addition of 1 ml of lysis buffer (25 

mM Tris-HCl pH 7.5, 25 mM NaCl, 1 mM EDTA, 0.01 % Tween-20, 4 mM bezamidine, 4 

mM pepstatin, 1 mM PMSF and 1 mM DTT) per 1 gm of cells. All further steps were 

performed at 4° C. Sonication was carried out to completely lyse the cells and the cell 

lysate was cleared by centrifugation at 30,000 xg for 30 minutes. Supernatant was 

collected, filtered through 0.2 μm vacuum filters (Corning) and loaded to HiTrap Q 5-ml 

column (GE Healthcare) that was equilibrated with buffer-A (25 mM Tris-HCl pH 7.9, 1 

mM EDTA, 1 mM PMSF and 1 mM DTT) containing 100 mM NaCl at 1 ml/min flow rate. 

The column was then washed with 10 CV of Buffer-A containing 100 mM NaCl and eluted 

with 20 CV of a linear gradient of 100-1000 mM NaCl in Buffer-A at 1 ml/min. Fractions 

containing PCNA protein eluting at ~550 mM NaCl were collected and applied at 2.0 

ml/min to a 10-ml CHT Ceramic Hydroxyapatite column (Biorad) equilibrated with (10 mM 

Kpi, 100 mM NaCl, 5 mM DTT). PCNA protein fractions eluted at a conductivity that is 

equal to a buffer containing 200 mM Kpi were collected, concentrated to a final volume of 

1.5 ml and loaded into HiPrep 16/60 S-300 size exclusion column (GE Healthcare) that 

was equilibrated with Buffer-A containing 150 mM NaCl at a flow rate of 0.5 ml/min. 

Fractions containing PCNA protein eluting at around 60% of the column size were pooled 

and dialyzed against storage buffer (25 mM Tris-HCl pH 7.5, 150 mM NaCl, 5 mM β-

mercaptoethanol and 50 % Glycerol) and stored at -20°C. Protein concentration was 
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determined by A280 (NanoDrop UV-Vis spectrophotometer, Thermo Scientific) using 

monomeric ε280 = 15930 M-1 cm-1. 

 

2.4.4 6x-His PCNA purification 
 

Frozen cell pellets expressing the 6xHis-PCNA protein were thawed on ice and lysed by 

sonication in lysis buffer-N (50 mM Tris-HCl pH 7.5, 10% glycerol, 250 mM NaCl, 10 mM 

BME, 25 mM Imidazole). Cells lysate was cleared by centrifugation at 30,000 xg for 45 

minutes. Supernatant was loaded onto Ni-NTA column, washed extensively with buffer-N 

and eluted with 20-CV linear gradient against buffer-N+250 mM Imidazole. Fractions 

containing PCNA were pooled and diluted to 100 mM NaCl with buffer-M (50 mM Tris-HCl 

pH 7.5, 10% glycerol, 10 mM BME). 

 

PCNA was then loaded onto HiTrap Q HP column (GE Healthcare) equilibrated with 

buffer-M+100mM NaCl, washed extensively with buffer-M+100 mM NaCl and eluted with 

a linear gradient of 15-CV against BufferM+1M NaCl. Fractions containing PCNA were 

pooled, concentrated and loaded onto Hiprep 16/60 Superdex 300 column using (50 mM 

Tris-HCl pH 7.5, 10% glycerol, 300 mM NaCl, 10 mM BME). Fractions containing PCNA 

were dialyzed against buffer-S (50 mM Tris-HCl pH 7.5, 50% glycerol, 300 mM NaCl, 10 

mM BME), flash frozen and stored at -80°C. 

 

2.4.5 Native RFC purification 
 

Cells were thawed in ice-chilled water, and lysed by addition of 300 μL of lysis buffer (50 

mM HEPES pH 7.5, 0.1 mM EDTA, 10 mM BME, 1 M NaCl, 100 mM Sperimidine, 4 mg/ml 

lysozyme and 1 mM PMSF) per 1 gm of cells. The cells were incubated on ice for 30 min, 

heated in a 37°C water bath for 2 min, and then incubated on ice for extra 30 min. Cell 

lysate was cleared by centrifugation twice at 85,000 x g for 30 min at 4°C. Supernatant 

was collected and diluted with Buffer-A (50 mM HEPES pH 7.5, 10 % Glycerol and 10 mM 
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BME) to a conductivity equivalent to Buffer-A containing 400 mM NaCl, incubated on ice 

for 30 min, and then filtered through 0.2 μm vacuum filters (Corning). Subsequent column 

chromatography at 4°C was applied by following the previous purification protocol 

described in (Masuda et al. 2007) and here. The supernatant was applied at 2.5 ml/min to 

the HiTrap Heparin HP 5-ml column (GE Healthcare), which was equilibrated with Buffer-

A containing 250 mM NaCl. Column was washed with 10-CV of equilibration buffer, and 

eluted with 20-CV of a linear gradient of 250-800 mM NaCl in Buffer-A at 0.5 ml/min. 

Fractions containing all of the subunits of RFC eluting at about 580 mM NaCl were 

collected and diluted to a conductivity that equal to buffer-A containing 100 mM NaCl, and 

then applied at 2.0 ml/min to a 5-ml ATP Agarose column (Sigma, A9264) that was 

equilibrated with 10-CV of Buffer-A containing 100 mM NaCl. The proteins were eluted 

with 10-CV of a linear gradient of 100-500 mM NaCl in Buffer-A at 0.5 ml/min. Fractions 

containing all of the subunits of RFC eluting at about 250 mM NaCl were collected and 

diluted with Buffer-A to a 125 mM NaCl conductivity, and applied at 1 ml/min to HiTrap Q 

HP 1-ml column (GE Healthcare), which was equilibrated with 10 CV of buffer-A containing 

100 mM NaCl, and eluted with 10 CV of a linear gradient of 100-500 mM NaCl in Buffer-

A at 0.1 ml/min. The peak fractions containing all of the subunits of RFC eluting at about 

210 mM NaCl were collected, concentrated to a final volume of 1 ml and applied to a 

Superose 6 HR 10/30 size exclusion column (GE Healthcare) at 0.1 ml/min that was 

equilibrated with Buffer-A containing 300 mM NaCl. Corresponding RFC protein fractions 

were eluted at around 15% of the column size, pooled and dialyzed against storage buffer 

(50mM Tris-HCl pH 7.5, 150 mM NaCl, 5 mM β-mercaptoethanol and 50% Glycerol) and 

stored at -20°C. Protein concentration was determined by A280 (NanoDrop UV-Vis 

spectrophotometer, Thermo Scientific) using ε280 = 176370 M-1 cm-1. 
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2.5 Construction of DNA Substrates 
 

2.5.1 Oligonucleotides  
 

All oligonucleotides were purchased from Integrated DNA Technologies (IDT) or Sigma-

Aldrich and purified by Polyacrylamide Gel Electrophoresis (PAGE). The sequences of 

the oligonucleotides used for constructing the various DNA substrates used for binding 

studies, bulk phase cleavage and single-molecule FRET assays that monitor DNA 

bending and DNA cleavage are summarized in (table 2.1). 

 

2.5.2 Oligonucleotides annealing and purification 
 

DNA oligonucleotides for the desired substrate were mixed in 1:5:5 ratio of template, 

3’flap primer, and 5’flap primer, respectively, followed by the addition of equivalent volume 

of a 2X annealing buffer (20 mM Tris-HCl pH 8.0, 2 mM EDTA and 300 mM NaCl). For 

annealing, primers mixture was incubated at 95°C for 4 minutes and then cooled down 

slowly to room temperature. Annealed DNA substrates were purified on a 10% native 

polyacrylamide gel ran at 100v for 60 minutes. The gels were visualized using white board 

lamp and the corresponding bands were sliced for purification. Crush and soak 

purification technique of the polyacrylamide gel slices was carried out in DNA diffusion 

buffer (10 mM Tris-HCl pH 8.0, 1 mM EDTA and 150 mM NaCl) at 16°C for 2 hours, 

followed by centrifugation at 14,000 xg for 2 minutes to precipitate the polyacrylamide gel 

slices. Supernatant was then collected and DNA concentration was determined by A260 

(NanoDrop UV-Vis spectrophotometer, Thermo Scientific). All DNA substrates 

preparations were aliquoted upon purification and stored at -20°C for further use in 

various assays. These aliquots were used only one time upon thawing. 
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Table 2.1: DNA substrates and their constituent modified oligonucleotides sequences 

Substrate Oligonucleotide Sequences (5’-3’) Modifications 

DF6,1Flap 

/5Cy3/TTTTTGAGTTAGGACTGCTCGTCATC 5’-Cy3 

CTCCACAG/iCy5/GCTAGATTTCCC Internal Cy5 

/5Biosg/GATGACGAGCAGTCCTAACTGGAAATCTAGCACTGTGGAG 5’-Biotin 

DF6,1Internal 

TTT TTA CAC GAC CGT CAA ACA ACG GTC A/3Bio/ 3’-Biotin 

CTGCCGTAGGAGGAACTTTCCTCCTG  

TGACCGT/iCy3/GTTTGACGGTCGTGAGGAGGAAAG/iAlex647N/TCCT

CCTACGGCAG 

Internal-Cy3 

Internal-Alex647 

SF6,0Flap 

/5Cy3/TTTTTGAGTTAGGACTGCTCGTCATC 5’-Cy3 

CTCCACAG/iCy5/GCTAGATTTCC Internal Cy5 

/5Biosg/GATGACGAGCAGTCCTAACTGGAAATCTAGCACTGTGGAG 5’-Biotin 

DF-6,15’-Bit 

/5Cy3/TTTTTGAGTTAGGACTGCTCGTCATC 5’-Cy3 

CTCCACAG/iCy5/GCTAGATTTCCC Internal Cy5 

/5Biosg/GATGACGAGCAGTCCTAACTGGAAATCTAGCACTGTGGAG 5’-Biotin 

DF-6,13’-Bit 

/5Cy3/TTTTTGAGTTAGGACTGCTCGTCATC 5’-Cy3 

CTCCACAG/iCy5/GCTAGATTTCCC Internal Cy5 

GATGACGAGCAGTCCTAACTGGAAATCTAGCACTGTGGAG/3Bio/ 3’-Biotin 

DF-6,1DB-Bit 

/5Cy3/TTTTTGAGTTAGGACTGCTCGTCATC 5’-Cy3 

CTCCACAG/iCy5/GCTAGATTTCCC Internal Cy5 

/5Biosg/GATGACGAGCAGTCCTAACTGGAAATCTAGCACTGTGGAG/

3Bio/ 

3’-Biotin 

5’-Biotin 

DF-6,2Flap 

/5Cy3/TTTTTGAGTTAGGACTGCTCGTCATC 5’-Cy3 

CTCCACAG/iCy5/GCTAGATTTCCCC Internal Cy5 

/5Biosg/GATGACGAGCAGTCCTAACTGGAAATCTAGCACTGTGGAG 5’-Biotin 
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2.6 FEN1 Bulk Cleavage Assay 
 

2.6.1 Substrate design 
 

The activity of the purified FEN1 protein was tested on a DNA construct that mimic the 

naturally occurring double flap substrates with a total length of 54 bp duplex DNA 

containing a nick that harbors 6nt 5’flap and 1nt 3’flap (termed DF-6,1). This substrate 

was constructed by annealing three DNA oligonucleotides and purified on native PAGE 

gel as described in section 2.5.2. The 5’flap contains terminally located Cy3 flourophore 

in order to allow the visualization of the cleaved 5’flap product on Typhoon flouroimaging 

scanner.  

 

2.6.2 Cleavage reaction 
 

Reaction mixtures containing 1 nM Cy3-labeled DF-6,1 in 1X reaction buffer (50 mM 

HEPES-KOH pH 7.5, 100 mM KCl, 0.1 mg/ml BSA, 5%(v/v) glycerol, 10 mM MgCl2 and 

1 mM DTT) were pre-incubated at 37˚C before the initiation of the cleavage reaction with 

the addition of varying concentrations of FEN1. Each reaction mixture was incubated 

further at 37˚C and equal aliquots were removed and quenched by equal volumes of 2X 

denaturing buffer (90% deionized formamide, 100 mM EDTA) at the following time 

intervals (0, 0.17, 0.5, 1, 1.5, 2, 5, 10 mins). These samples were run on 20% denaturing 

PAGE gels, which were imaged using Typhoon TRIO Variable Mode Imager (GE 

Healthcare, Life Sciences). 

 

2.6.3 Gel bands quantification and Data fitting 
 

The product formation gel band was quantified using ImageJ gel analysis tool. For each 

FEN1 concentration, the concentration of the product was plotted against time to estimate 

the initial rate (V0, nM.min-1) by taking the slope of the linear part. These V0 values were 

then plotted against FEN1 concentration and Km was determined by nonlinear least 
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squares fit using a Michaelis-Menten model. 

 

 

 

 

Where Vmax is the maximum rate achieved by the system at saturating FEN1 

concentration and Km is the Michaelis constant that represents the enzyme concentration 

at which the reaction rate is half of Vmax. 

 

2.7 Surface Plasmon Resonance (SPR) Measurements 
 

2.7.1 SPR principles and technical introduction 
 

Surface Plasmon Resonance (SPR) is a physical phenomenon that can occur when 

plane-polarized light hits a thin conducting metal film at the interface between two medias 

of different refractive indexes; the glass coated with a thin film of gold and the sample 

solution under total internal reflection conditions (figure 2.1). 

 

 

 

 

 

 

 

 

 

This figure is adapted from Biacore Handbook (GE Healthcare). 

 

Figure 2.1: SPR detection principle 1 
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Under conditions of total internal reflection (TIF), where a light beam incident on a 

reflecting interface with a critical angle at which all the incoming light reflects within the 

circular prism, an extension of the electric field of the photons called an evanescent wave 

field that penetrates across the interface into the medium of lower refractive index takes 

place without actually losing net energy. The penetration amplitude of the evanescent 

field wave decreases exponentially with distance beyond the reflecting surface; the 

effective penetration depth in terms of sensitivity to refractive index is around 150 nm from 

the surface. The prism is coated with a thin film of gold because it gives an SPR signal at 

various combinations of reflecting angles and wavelengths and it is also chemically inert 

to most solutions and solutes used in biochemical studies. Although no light is coming 

through the prism when TIR is applied, the photon electrical field extends through the thin 

gold film to interact with the free electron constellations that represent the outer shell and 

conduction-band electrons of gold atoms. This leakage from the photons electrical field 

is absorbed and the energy is transferred to the electrons, which would be converted into 

surface plasmon phenomena. 

 

In accordance with quantum theory, we can describe the photon and electron behavior 

only when they have both waves and particle properties. A plasmon therefore is the name 

of the electron density wave that result when the quantum energy of the photons is right, 

where the photons convert to plasmons while conserving both their momentum and 

energy in the transformation process. Plasmon momentum can be defined by several 

factors that include the noble metal used in the thin conducting film and the nature of the 

medium on both sides of the film. When the momentum of the plasmons is equal to the 

momentum of the incoming light photons, resonance would occur and such resonance is 

called momentum resonance. 

 

We can describe this momentum resonance as a vector function with both magnitude and 

direction where the relative magnitude of the components changes when the angle or 

wavelength of the incident light changes. For SPR, the energy and angle of incident light 

must match to create surface plasmon resonance that is only sensitive to the vector 
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component parallel to the surface since plasmons are confined to the plane of the gold 

film. This coupling of the light wave to the surface plasmons can be monitored as the 

resonant angular SPR that can be measured very precisely in the most commonly used 

set-up BIACORE. The binding of biomolecules on the sensor surface results in the 

change of the refractive index, which is measured as a change in resonance angle. 

BIACORE machine uses the Resonance Unit (RU), which is converted from the actual 

angle shift in reflected light. 

 

The power of SPR lies in its ability to observe and measure biomolecular interactions 

between immobilized liagnd and its analytes from solution in real time and with no need 

to label the analyte of interest. 

 

2.7.2 Coupling DNA substrates on streptavidin (SA) microfluidic chip 
 

Biacore T100 system (GE Healthcare) was washed twice with 1X HBS-EP Buffer prior to 

coupling of the biotinylated DNA substrates on a Series S Sensor Chip SA (GE 

Healthcare). Each SA Chip contains four flow cells, whereby the first flow cell was left 

empty for blank subtraction (bulk refractive index and nonspecific interactions), the other 

three flow cells were used to couple preferred DNA constructs. The DNA coupling process 

was designed for automated running mode that consist of three regeneration injections 

with regeneration buffer (50 mM NaOH and 1M NaCl) to activate the surface of flow cells 

and remove any free or excess unbound streptavidin, followed by a pulse-mode injections 

of the preferred DNA substrates into each flow cell until it reaches the specified RU for 

each substrate. DNA substrates were prepared as 20 nM in 150 μL of 1XHBS-EP buffer 

for pulse injections. In most runs, five-pulse injections were enough to reach the aimed 

maximum RU. The target level of ligand response units to be coupled to the surface was 

calculated by the following equation:  

 

 



68 
 

2.7.3 Protein preparation and SPR binding assay 
 
FEN1 was dialyzed overnight at 4˚C against the binding buffer containing exact 

component as those in the reaction buffer used in the single-molecule measurement (50 

mM HEPES pH 7.5, 10 mM CaCl2, 1 mM DTT, and 100 mM KCl, 0.1 mg/ml BSA). After 

protein collection, a new concentration was measured and a serial dilution of FEN1 was 

performed using the same dialysis-binding buffer. For each concentration, the run started 

with two surface-regeneration injections of binding buffer + 1 M NaCl at a flow rate of 100 

µL/min for 120 s, followed by washing with degassed binding buffer only for 240 s, then 

protein sample injection at a flow rate of 10 µL/s for 180 s. This series of regeneration 

and binding injections was repeated to all serial dilutions starting from low to high 

concentrations of FEN1. 

 

The sensorgrams were corrected for bulk refractive index and residual nonspecific 

binding with the surface using the blank flow cell. The sensorgrams were processed using 

Biacore T100 Evaluation Software (GE Healthcare Inc.). The maximum RUs reached at 

each FEN1 concentration (RUmax) were fitted using the steady-state affinity mode to 

obtain the equilibrium dissociation constant (Kd-binding) for each DNA substrate. 
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2.8 Single Molecule Imaging Using Total Internal Reflection 
Fluorescence Microscopy (TIRFM) 
 

This section describes the single molecule Förester resonance energy transfer (smFRET) 

that is based on using the total internal reflection fluoresce microscopy (TIRFM) 

technique.  

 

2.8.1 Glass coverslips cleaning and functionalizing 
 

Glass coverslips were pre-treated through alternating deep cleaning steps in alcohol 

solvent and 1M KOH solution. The cleaning is performed in a water bath sonicator for 30 

minutes during each step of solution wash. The cleaning process was repeated at least 

twice before removing any traces of water by several rinses with Acetone solvent. 

Activation of the coverslips begins with the coupling of the 8 alkoxy groups of amino-

silane (3-aminopropyltriethoxysilane, Sigma) to create a functionalized amino group that 

are able to covalently bind to the high molecular weight polyethylene glycol (PEG) 

polymer. A 1:100 molar ratio of biotinylated polyethylene glycol (Biotin-PEG-SVA MW 

5,000) and non-biotinylated polyethylene glycol (mPEG-SVA MW 5000) (Laysan Bio Inc.) 

were mixed in 100 uM sodium bicarbonate pH 8.0 buffer to coat the amino-functionalized 

glass surface and passivate the glass surface of the coverslip with a thin layer of PEG. 

Biotin is used to bind tightly to Neutravidin for the subsequent coupling of biotinylated 

DNA molecules to the coverslip. 

 

2.8.2 Microfluidic flow cell design and construction 
 

Flow cell is constructed by cutting a forked 2 mm-wide channel out of a nonreactive 

double-sided polyethylene spacer sticky tape (100 μm thick polyethylene double-sided 

spacer SA-S-1L® (Secure-Seal, Grace BioLabs). The channel is fixed to a glass slide 

and to the functionalized coverslip. Tubing (Intramedic PE60, Becton Dickinson) is 

inserted through holes drilled into the glass and sealed with epoxy, creating a sealed 
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chamber that is used for the single-molecule experiments (see the schematic in Figure 

2.2). The tubing is used to flow and to exchange buffer and reagents into the flow cell by 

immersing designated inlet tubing into 1.5 ml tube with different reaction buffers and 

connecting the designated outlet tubing to a constant pressure syringe pump (PHD Ultra, 

Harvard Apparatus). 

 

For single molecule cleavage assay we used the commercially available sticky 

microfluidic six channel polymer slide (sticky-Slide VI 0.4®, Ibidi), which come with a self-

adhesive underside to which our own functionalized coverslip can be mounted. The inlets 

and outlets of this multichannel microfluidic slide through an adapter (Luer connector 

male, Ibidi) to the same above-mentioned tubing and syringe pump system. This 

commercial multichannel flow cell allowed us to acquire six cleavage reactions for each 

experiment. 

 

 

 

 

 

 

 

 

2.8.3 DNA substrates immobilization 
 

Prior to immobilization of the DNA substrate to the surface, the flow chamber was 

incubated with NeutrAvidin (0.2 mg/ml) for 5 min and then washed excessively with 

reaction buffer (50 mM HEPES pH 7.5, 1 mM DTT, 5% glycerol and 0.1 mg/mL BSA, 100 

mM KCl and 10 mM CaCl2). The desired biotin-labeled DNA substrate was tethered to 

Figure 2.2: Microfluidic flow cell 1 
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the surface by flowing a solution of 100 pM of this substrate in 100 uL of the same reaction 

buffer at a flow rate of 50 μl/min until a sufficient surface coverage of fluorescent-labeled 

substrate is achieved. This was followed by extensive washing step with 300 uL of 

reaction buffer. The final washing step would have reaction buffer containing the 

appropriate divalent metal ion, CaCl2 for bending assays or MgCl2 for cleavage assays. 

 

2.8.4 Control of the fluorophore photo-bleaching and photo-blinking phenomena 
 

To minimize the effect of photo-bleaching and photo-blinking, we used an oxygen 

scavenging solution as described earlier (Puglisi et.al.  2008) that relies on the enzymatic 

removal of oxygen by a proto-catechuic acid (PCA) 6 mM (Sigma-Aldrich, P5630) and 

protocatechuate-3,4-dioxygenase (PCD) 60 nM system. Trolox (Sigma-Aldrich) was 

added at 2 mM concentration to reduce the photo-blinking by quenching the triplet state. 

The imaging buffer contained the reaction buffer and the aforementioned oxygen 

scavenging solution. 

 

2.8.5 TIRF based microscopy and imaging 
 

TIRF imaging employs the phenomenon of total internal reflection, which occurs at the 

interface between optically dense medium, such as glass, and optically less dense 

medium, such as aqueous solution. At a critical angle of incidence, the excitation beam 

is totally reflected back off the glass surface, but generates at the interface of the glass 

coverslip/aqueous solution what so called an evanescent wave. The evanescent wave 

has maximal intensity at the surface that exponentially decays as a function of increasing 

the distance from the interface (in the range of 100-200 nm). TIRF therefore restricts the 

area of excitation to this thin layer and effectively minimize the background fluorescence 

from the rest of the solution allowing for the detection of single fluorophores tagged on 

the desired DNA substrates (Figure 2.3). The DNA is brought to the excitation region by 

its immobilization to the surface. 
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This figure is adapted from Jonathan Silver (George Washington University) 

 

The experiments were performed on a custom-built TIRF-FRET setup (Sobhy et al. 2011). 

The Cy3 and Cy5 were excited with 532 and 640 nm, respectively, where the lasers were 

reflected off the surface of a dual-band dichroic FF560/659-Di01-25×36 (Semrock) and 

focused through a 100xNapo oil-immersion objective at a fluence 180W/cm2. The 

emissions of the donor and the acceptor were split inside the DualView by 630dcxr-18×26 

dichroic (Chroma Inc.), where the shorter wavelength (donor emission) and longer 

wavelength (acceptor emission) passed through HQ580/40-P and HQ680/40 filters 

(Chroma Inc.), respectively. The images of the surface-immobilized DNA were recorded 

by alternating green (532 nm) and red (640 nm) wavelengths. The image acquisition was 

synchronized to the laser excitation through triggering the Acousto-optic tunable filter by 

the EMCCD camera to minimize the photo-bleaching of the sample when images were 

not being acquired. The image was split into two identical halves; the left and right 

channels were for the emissions of Cy3 and Cy5, respectively. 

 

 

Figure 2.3: Total Internal Reflection Fluorescence Microscopy (TIRFM) 1 
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2.8.6 FRET Data analysis 
 

The spatial mapping of the donor and acceptor emission channels was first calibrated 

using fluorescent beads that were imaged in TIRF mode. This generated transformation 

matrix file, which was then used in the subsequent analysis of fluorescent molecules to 

map the donor and acceptor positions. The fluorescent molecules were registered as 

Gaussian point spread functions (PSF) around the brightest pixel in both channels and 

aligned with each other using the transformation matrix file. Donor and acceptor 

intensities were extracted by using software as described previously (Holden et al. 2010) 

and the apparent FRET efficiency was subsequently calculated. Any molecules with 

aberrant emission in brightness were excluded from further analysis. 

 

Histograms of FRET efficiencies were obtained from alternating the excitation of donor 

and acceptor 2c-ALEX as described previously (Kapanidis et al. 2005). The vbFRET 

package implemented in Matlab (Bronson et al. 2009) was used for dwell time analysis. 

The association (τbending) and disassociation (τunbending) dwell times were generated by 

idealizing and fitting the single molecule traces with two FRET states modeled by vbFRET 

(bent and unbent states). Histograms that were generated from dwell times in each state 

were fit with a single exponential decay function, exp(−kbending·t) or exp(−kunbending·t), to 

generate kbending (1/ τunbending) and kunbending(=1/ τbending), respectively. 

 

2.8.7 Single-molecule cleavage assays  
 

Cleavage experiments were performed by TIRF-based smFRET at a temporal resolution 

of either 50 or 100 ms. The surface-immobilized substrate was pre-incubated in the flow 

chamber with imaging buffer containing 10 mM MgCl2. In the case of cleavage of 

DF6,1Flap and by nFEN1, image acquisition started before FEN1 reached the microfluidic 

chamber. Due to short lag time before cleavage, manual counting of frames in the bent 

state was used to calculate the cleavage dwell time for each trace. All particles in the field 
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of view were grouped into the following five different categories: a) Molecules with 

aberrant intensity that suffered from strong noise, photo-blinking, step bleaching or 

deviation from the average intensity. These particles were excluded from further analysis. 

b) Molecules that had acceptor photo-bleaching before loss of the donor signal. These 

molecules do not influence dwell time analysis, which depends only on the donor signal. 

They were therefore excluded. c) Molecules that went to the low FRET bent state followed 

by a single-step loss in the donor signal. This formed the bulk of the traces of cognate 

substrates. d) Molecules that lost their donor signal without going into the low FRET bent 

state. This excluded minority population could result from donor photo-bleaching events 

and/or 5’flap cleavage that occurs at faster rate than the acquisition time. e) Molecules 

that stayed in the unbent high-FRET state within our imaging time. These molecules were 

also excluded from the cleavage analysis as they exhibit no FEN1 binding. 

 

The following criteria were used to perform dwell time analysis for the selected particles. 

a) Minimum FRET change of 0.2 between unbent and bent frames was applied as a 

filtering criterion before selecting traces for dwell time analysis. b) Each selected trace 

was checked for anti-correlated behavior between the donor and acceptor upon change 

in the FRET efficiency. c) With non-cognate substrates, the dwell time was calculated by 

counting the number of frames spent in the lower FRET state before donor signal was 

lost in the last bent step. MATLAB was used to calculate the mean of the cleavage dwell 

time by fitting with gamma distribution function and the error in the mean by bootstrap. 
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CHAPTER THREE: VISUALIZING THE DNA FLAP INTERMEDIARY 
STEP THAT MEDIATES MATURATION OF OKAZAKI FRAGMENTS 
USING SINGLE-MOLECULE FRET 
 
 
 
 
 
Author’s Preface 

This chapter focuses on understanding how human flap endonuclease 1 (FEN1) 

communicates with different target DNA substrates that might occur during various 

processes of DNA replication, recombination and repair. Using TIRF-based single-

molecule FRET, I aim to understand how different features of the cognate double flap 

substrate influence the DNA bending intermediary step that is believed to unify the 

cleavage site in the 5’-nucleases superfamily that FEN1 belongs to.  
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3.1 Abstract 
 

Human flap endonuclease 1 (FEN1) is a structure-specific nuclease and the archetypal 

member of the 5’-nucleases superfamily. 5’-nucleases play integral role in genome 

maintenance by removing toxic common-pathway intermediary DNA structures in 

replication, repair, and recombination. Members of 5’-nucleases share significant unifying 

features in their amino acid sequence and tertiary structures, yet they cleave diverse 

substrates at a similar position relative to the 5’ end of a single-stranded/double-stranded 

DNA junction. This unifying cleavage site is achieved by bending the DNA at the junction 

to position the scissile phosphate near the active site. However, it is unclear how 5'-

nucleases distorts the structure of target DNA and how this distortion contributes along 

with protein ordering to efficient and accurate substrate recognition and catalytic 

selectivity. Using single-molecule FRET, we found that FEN1 bends cognate and non-

cognate substrates but display remarkable selectivity to stabilize the bent conformer in 

cognate substrate while promoting the dissociation of non-cognate substrates. 

Interestingly, we report a partial distortion of the DNA when blocking the threading process 

of a 5’flap of a nick junction into the cap-helical gateway that oversees the active site. This 

suggests that full DNA distortion is achieved by coordinating 5’flap threading into the cap-

helical gateway and bending by binding at the base of the junction. It also suggests that 

FEN1 first thread the 5’flap before triggering the disorder-to-order transitioning of the cap-

helical gateway that assembles the active site for catalysis. The coupling of full DNA 

distortion with 5’flap threading and promotion of DNA dissociation of non-cognate 

substrates would ensure the protection of DNA junctions from nonspecific bending and 

cleavage. 
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3.2 Introduction 
 

Structure-specific 5’-nucleases is highly conserved phosphodiesterase enzymes that act 

as endonuclease and/or exonuclease. They recognize a diverse range of DNA structures 

with only one common attribute of single-stranded (ss)/double-stranded (ds)-DNA junction 

including nicks, gaps, flaps, bubbles and four-way junctions. These structures are 

common-pathway intermediates in DNA replication, repair and recombination but also are 

toxic as they break the continuity of the heritable duplex DNA and impose impediment on 

DNA replication and transcription (Tsutakawa et al. 2011, Patel et al. 2012, Balakrishnan 

and Bambara 2013b). 5’-nucleases performs the primary task of recognizing and precisely 

removing these toxic structures explaining why mutations in the genes of several of its 

members lead to cellular stress and genomic instability (Zheng et al. 2011, Yang 2011). 

 

Eukaryotic members of 5’-nucleases include the key genome maintenance nucleases: flap 

endonuclease 1 (FEN1), a DNA replication and long patch base excision repair protein; 

exonuclease 1 (EXO1), a mismatch excision repair enzyme; Xeroderma pigmentosum 

complementation group-G protein (XPG), a nucleotide excision repair enzyme; and 

Holliday junction 5’flap endonuclease (GEN1), a homologous recombination protein. 

These nucleases recognize substrates that are significantly different in the 3’ and 5’ 

regions flanking the ss/ds-DNA junction, yet they hydrolyze a phosphodiester bond that is 

located at the same position of one nucleotide into the 5’ end of the ss/ds-DNA junction. 

This raises an interesting paradox about their mechanism as to how such highly conserved 

proteins recognize diverse structures and yet cleave them at the exact position. 

 

Structural study established that unified cleavage site from diverse DNA structures 

operates by a uniform binding to a bent ss/ds-DNA junction in order to position the scissile 

phosphate near the active site for cleavage (Liu et al. 2015, Orans et al. 2011, Tsutakawa 

et al. 2011). It remains unclear however if 5’-nucleases actively distort the DNA or 

selectively binds to a DNA that bends spontaneously. Catalysis is proposed to require 
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changes in the protein conformation that assembles the active site (Devos et al. 2007, Lee 

et al. 2015, Liu et al. 2015, Orans et al. 2011, Sakurai et al. 2005, Tsutakawa et al. 2011) 

and movement of the scissile phosphate closer to the catalytic magnesium atoms in the 

active site (Liu et al. 2015, Orans et al. 2011, Tsutakawa et al. 2011).  

 

Although steps in the substrate selection and cleaving process have been described, 

much of the control mechanisms by DNA and protein conformational changes that lead to 

exquisite catalytic selectivity and efficiency remain controversial and largely 

undetermined. It is therefore of a significant interest that we understand how these highly 

conserved proteins recognize and attack diverse range of DNA structures and how they 

avoid the deleterious cleavage of non-cognate substrates that could lead to even more 

toxic intermediary structures than the original one.  

 

FEN1 recognizes an ideal cognate substrate of a nicked-DNA bearing a double-flap (DF) 

at the nick junction of a 5’flap of ssDNA or ssRNA of various lengths and a one-nucleotide 

3’flap (figure 3.1). These DF substrates result from the strand displacement activity by 

either DNA polymerase delta (Pol δ) during the maturation of Okazaki fragments on the 

lagging strand or by DNA polymerase beta (Pol β) during long-patch base excision repair  

(Ayyagari et al. 2003, Jin et al. 2003, Liu et al. 2005). The displaced 5’flap by Pol δ and 

Pol β complements the template strand. Equilibration between one nucleotide on the 5’flap 

and the template strand therefore would introduce the one-nucleotide 3’flap. Since the 

cleavage site is one nucleotide into the duplex junction of the 5’flap, upon cleavage the 

3’flap would complement the newly unpaired base on the template strand to result in a 

nick junction that can be sealed by DNA ligase I (figure 3.1). Removal of the 3’flap 

dramatically reduces FEN1 endonuclease activity and alters the incision site whereas 

removal of the 5’- or both the 5’- and 3’-flaps triggers the 5’ to 3’ exonuclease activity of 

FEN1, which would lead to the non-processive hydrolysis of few nucleotides from the 

nicked junction (Finger et al. 2009, Kao et al. 2002, Liu et al. 2006). 
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Schematic showing the equilibration of a flap substrate junction from a single- to a double-flap and its subsequent 

cleavage by FEN1 to generate a nick that can be sealed by DNA ligase. 

 

The structure of FEN1 in complex with a nicked DNA substrate bearing a one-nucleotide 

3’flap but missing the most critical substrate feature, the 5’flap, termed a single flap (SF-

0,1) (figure 1.7) illustrates how FEN1 utilizes structural elements that are conserved in the 

superfamily and others that are unique to mediate highly sophisticated interactions with 

the bent DNA substrate (Tsutakawa et al. 2011). Two dsDNA binding sites spaced by one 

DNA helical turn interact primarily with the intact complementary strand and impose almost 

a 100-degree bent conformation on it. The first of these is a conserved helix-two turn-helix 

(H2TH) motif that binds K+ and interacts with the downstream dsDNA. The second site 

contains in addition to the superfamily-conserved β pin and the hydrophobic wedge, a 

helix-loop-helix (HLH) motif. Together these two motifs constitute the upstream dsDNA-

binding site. The HLH motif is absent from superfamily members like EXO1 that recognize 

substrates with an upstream ssDNA (Orans et al. 2011). The hydrophobic wedge binds at 

the base of the flap junction and may induce a complementary strand bending. A unique 

binding pocket formed by residues from the hydrophobic wedge and HLH motif selects for 

the 3’flap. A unique cluster of acidic residues creates a block on the 3’flap-binding pocket 

Figure 3.1: FEN1 cognate substrate and cleavage reaction1 
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that selects against a 3’flap with more than one unpaired nucleotide. A superfamily-

conserved helical gateway overseeing the active site guides the 5’flap into the active site. 

The opening of this gateway restricts access of only ssDNA or ssRNA. A unique cap that 

extends from the gateway forms a cavity through which a 5’flap of only ssDNA or ssRNA 

can thread. This cap also limits access to the active site of a DNA with a free end. The 

capping of the helical gateway is conserved in the superfamily members that select for 5' 

termini such as EXO1 and is absent from those that bind DNA bubbles or Holliday 

junctions, such as XPG and GEN1 (Patel et al. 2012).  

 

The FEN1:SF-0,1 complex suggests that DNA bending provides a mechanism for 

substrate specificity by allowing FEN1 to interact with the 3'- and 5’-flaps and to place the 

5’flap into the cap-helical gateway (Tsutakawa et al. 2011). However, the absence of the 

5’flap and the structuring of the capped-helical gateway make it difficult to directly link DNA 

bending with 5’flap recognition. Biochemical characterization suggests an alternate model 

for substrate recognition whereby FEN1 initially recognizes and threads the 5’flap and 

then binds the duplex portion of the DNA (Gloor et al. 2010).  

 

5’flap is proposed to thread into unstructured capped-helical gateway, similar to that seen 

in the absence of DNA (Sakurai et al. 2005), that transitions into a structured form when 

the 5’flap threads through the unstructured region (Gloor et al. 2010, Patel et al. 2012). 

This unstructured-thread-structured model would explain why FEN1 can incise substrates 

with 5’flaps containing dsDNA, hairpins and small bulky groups when enough ssDNA is 

available at the base of the 5’flap to support the structuring of cap-helical gateway (Barnes 

et al. 1996, Bornarth et al. 1999, Liu et al. 2006). The structuring of the cap-helical gateway 

is critical to the correct assembly of catalytically-important basic residues at the active site 

(Tsutakawa et al. 2011).  

 

In the substrate complex, the nicked 5' end is paired and is distant from the active site 

metal ions (Tsutakawa et al. 2011). The crystal structure of FEN1 in complex with the 
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cleaved product shows that unpairing of the two nucleotides flanking the scissile 

phosphate places the 5’flap in the vicinity of the metal ions for hydrolysis. These metal 

ions and residues from the capped-helical gateway are proposed to unpair the two 

nucleotides in a sequential manner by interacting with their backbone phosphate groups. 

Similar DNA bending and two-nucleotide unpairing are also reported in the substrate and 

product complexes of EXO1 (Orans et al. 2011), thus providing a mechanism that 

accommodates endo- and exo-nucleolytic activities in the 5'-nuclease superfamily and 

explains their uniform cleavage site. 

 

In this study, we used single-molecule FRET (smFRET) to observe the superfamily-

unifying intermediary DNA bending step and deciphered the mechanism of substrate 

recognition by introducing variations in the substrate and directly linking their effects to 

DNA bending. We found that full bending of the DF substrate requires threading of the 

5’flap into the cap-helical gateway of FEN1. Furthermore, we showed that FEN1 stabilizes 

the bent state of the ss/dsDNA junctions with remarkable selectivity to the key features of 

its cognate substrate: fully paired nick junction with its one nucleotide 3’flap bound to the 

3’flap-binding pocket and its 5’flap threaded into the cap-helical gateway. The results 

presented in this chapter supports the conclusions drawn in our previous study (Sobhy et 

al. 2013), showing that although the dissociation-bending constant was high, the relative 

comparison of bending activities between cognate and the used non-cognate substrate 

are reproducible. I also present some of the key direct binding study by surface plasmon 

resonance showing a strong synergy with the findings from the single molecule 

measurements.  
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3.3 Results: 
 

I followed a comprehensive multidisciplinary approach that combines biochemical and 

biophysical tools with the real time observation of single molecule techniques to unravel 

the physical interactions and the intermediary steps through which FEN1 recognizes its 

cognate DNA substrate. 

 

3.3.1 Cloning, expression and purification of human FEN1 protein, activity 
confirmed 
 

I generated the expression plasmids of native human FEN1 protein (pDest14-nFEN1) and 

the cleavable SUMO-tagged variant of the same protein (SUMO-nFEN1) that are used in 

this study and other studies in our lab. I optimized the bacterial transformation and 

culturing conditions to achieve the highest protein expression level and protein solubility, 

followed by the establishment of protein purification procedures for the untagged version 

of FEN1 (figure 3.2-A). This procedure however suffers from low protein expression levels, 

which combined with the requirement of five purification steps (described in Materials and 

Methods) made it difficult to obtain sufficient FEN1 amounts for the planned in vitro 

experiments. I brought a breakthrough to the purification process by cloning FEN1 gene 

sequence into pE-SUMO vector (figure 3.2-B) that would link a cleavable 6xHis-SUMO 

tag to the N-terminus of FEN1. The 6xHis-SUMO tagged FEN1 showed a great 

enhancement in the protein expression level (figure 3.2-B) and simplified the purification 

procedure. Moreover, the precise removal of 6xHis-SUMO tag by SUMO protease didn’t 

leave any extra amino acid at the N-terminal of FEN1, generating a native form of the 

protein. This procedure led to a high protein yield of >99% purity and allowed proper in 

vitro characterization of FEN1 activity. It also accelerated the subsequent mutagenesis 

study by other lab members. 
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A) Expression and purification of the native human FEN1 protein.10% Tris-Bis SDS-PAGE gel images of 
(left panel); cell lysates before (B) and after (A) induction with the protein molecular weight marker (M). 
(Right panel); the collected fraction after each purification step, (1) Cell lysate after induction. (2) DEAE 52 
flow through elution. (3) HydroxylApatite column elution. (4) HiTrap MonoS column elution. (5): HiLoad 16/60 
superdex 75-PG gel filtration column elution. 
B) Cloning, expression and purification of native FEN1 using the cleavable SUMO-tagged version of FEN1. 
Cloning the SUMO-FEN1 gene into expression vector (left panel): 1% Agarose-TBE gel image of (L) Thermo 
Fischer 1-Kb DNA ladder (1) pE-6xHisSUMO empty vector and (2) pE-6xHisSUMO-nFEN1 inserted. Before 
induction (B) and after induction (A) of protein expression with the protein molecular weight marker (M). 
(Middle panel); 10% Tris-Bis SDS-PAGE gel images of cell lysates before (B) and after (A) induction with 
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Figure 3.2: Cloning, expression and purification of the native form of human FEN1 protein 1 
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the protein molecular weight marker (M). (Right panel) the collected fraction after each purification step, (1) 
HisTrap column elution. (2) HisTrap column elution after cleaving SUMO tag by SUMO protease. (3) HiTrap 
SP HP column elution. 

 

3.3.2 Determination of the equilibrium dissociation constant of FEN1 to different 
DNA structures 
 

I conducted in vitro surface plasmon resonance (SPR) study to assess FEN1 binding 

affinity and selectivity to different target DNA substrates. SPR is a powerful technique to 

measure biomolecular interactions in real-time and in a label free environment. In this 

study different biotinylated-DNA ligand were immobilized to the surface of streptavidin 

sensor chip and FEN1 was injected over. The formation of a ligand-protein complex [LP] 

is described by a two-state process that equilibrate between association and dissociation 

of the complex components [L; DNA] and [P, FEN1];  

𝐿𝐿 + 𝑃𝑃 ⇌ 𝐿𝐿𝑃𝑃 

The corresponding equilibrium dissociation constant (Kd) is defined as; 

𝐾𝐾𝑑𝑑 =  
[𝐿𝐿][𝑃𝑃]
[𝐿𝐿𝑃𝑃]

 

 

Where, [L], [P] and [LP] represent the molar concentrations of the ligand, protein and the 

complex, respectively. 

 

The affinity of a protein to DNA is determined by many non-covalent interactions such as 

hydrogen bonding, electrostatic interactions, hydrophobic and van der Waals forces. 

These delicate intermolecular affinities can be influenced by fine changes in buffer 

components such as concentrations of salt and metal ions and the buffer pH value, due 

to their dramatic effect on the overall charge distribution of the protein or the electrostatic 

shielding of the DNA. Defining the plausible buffer conditions to study protein and DNA 
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interaction by SPR requires finding the balance between protein stability in buffer 

components that are closest to the physiological conditions and/or functional assays and 

considering conditions that minimize its non-specific interactions to the surface. We found 

that the interaction of FEN1 with several DNA substrates to be highly salt dependent and 

that at lower salt concentration FEN1 becomes sticky to all forms of DNA.  At 100 mM KCl 

buffer, FEN1 interacted specifically with its cognate DF substrate over other non-cognate 

substrates and with a 1:1 molar ratio. These binding studies therefore helped us to 

establish the best buffer conditions to study FEN1 interaction with DNA in the subsequent 

smFRET experiments. 

 

I found that FEN1 bound its cognate DF-6,1 substrate with a dissociation binding constant 

(Kd-binding) of 5.3 ± 0.7 nM (figure 3.3-A) and with a stoichiometry of 1:1. This Kd-binding is in 

perfect agreement with the nM range of Km from previously reported bulk cleavage assays 

(Finger et al. 2009) and those reported in our lab (Rashid et al. 2017). FEN1 showed 

residual and transient binding to ssDNA at concentrations that were several orders of 

magnitude above the Kd-binding of DF-6,1 (figure 3.3-B); 1:1 binding couldn’t be reached in 

this case suggesting that Kd-binding of ssDNA would exceeds the maximum used FEN1 

concentration of 5 μM.  

 

The SPR binding assay provided us with a direct tool to determine the binding affinity of 

FEN1 to its cognate DF substrate and to investigate how different variation in the 

topological features of the ss/ds-DNA junction influence FEN1 binding as discussed 

below. These binding measurements also served as a benchmark to compare the effect 

of DNA modifications on FEN1 binding versus that on DNA bending that was measured 

by smFRET as discussed below.  
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A) SPR binding study of FEN1 on DF-6,1. The binding sensorgram of increasing concentrations of FEN1 is 
shown (upper panel); 170 RU of DF-6,1 were immobilized on the surface and the maximum response units 
(RU) reached at each FEN1 concentration were fitted using the steady-state affinity model to obtain the 
equilibrium dissociation binding constant (Kd-binding) (lower panel). The uncertainty corresponds to the 
standard deviation of N=2 runs. 
B) SPR binding study of FEN1 on 22nt ssDNA primer. The binding sensorgram of increasing concentrations 
of FEN1 (upper panel) showed only residual transient binding of FEN1 to ssDNA at concentrations that were 
orders of magnitude above Kd-bending of DF-6,1 (zoomed view in lower panel).  

 

3.3.3 Real time observation of active DNA bending by FEN1 
  

Next, we aimed to address the mechanisms used by FEN1 to recognize if it binds the 

correct DNA substrate and how it deals with binding incorrect DNA substrates. This 

requires addressing several debatable questions including: Does FEN1 actively distort the 

ss/ds-DNA junction or bind a junction that spontaneously bends? Does the cap-helical 

Figure 3.3: Determination of the biophysical affinity of human FEN1 protein to different DNA structures1 
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gateway accommodate the 5’flap by a threading or a clamping mechanism? When does 

FEN1 accommodate the 5’flap with respect to binding and bending the duplex portion of 

the DF substrate? To answer these questions, we directly observed the DNA bending 

intermediary steps using smFRET, on our custom-built objective-based total internal 

reflection fluorescence (TIRF) microscope (Sobhy et al., 2011), under conditions when 

FEN1 encounters cognate or non-cognate substrates and when the 5’flap threading 

process is blocked. 

 

We started by using a non-equilibrating DF substrate constructed by annealing a 

downstream primer containing 6nt ssDNA 5’flap and a downstream primer containing 1nt 

ssDNA 3’flap to a complementary template strand (this substrate is termed DF-6,1). A 

biotin at the 5’ end of the template strand was used to allow for the immobilization of the 

substrate onto a polyethylene glycol-coated coverslip via biotin-neutravidin (NA) linkage. 

Two standard DF-6,1 labeling schemes were used in the smFRET measurements. The 

first scheme (termed DF-6,1Flap) consists of a donor (Cy3) placed at the 5’-end of the 5’flap 

and an acceptor (Cy5) positioned 13nt from the nick on the upstream primer (figure 3.4-

A). The second labeling scheme (termed DF-6,1Internal) consists of a Cy3 donor that is 

positioned 15nt from the nick into the downstream dsDNA and Alexa Flour-647 acceptor 

positioned 12nt from the nick on the upstream primer (figure 3.4-B). In addition of the 

ability to monitor DNA bending and unbending activity in both labeling schemes, the flap-

labeling scheme was also useful in monitoring the cleavage activity of FEN1 by monitoring 

the departure of the labeled 5’flap (described in chapter four), while the internal-labeling 

scheme ability to report directly on the geometry of the duplex DNA was useful in removing 

ambiguity in cases where the geometry of the 5’flap differs under sub-optimal conditions. 

 

DNA bending was monitored by fitting the FRET efficiency histograms generated from 

multiple smFRET time traces, while dynamics of the bent DNA was monitored by following 

the FRET changes within individual time traces. In the standard flap-labeling scheme, DF-

6,1Flap substrate alone exhibited a single FRET efficiency peak with high FRET (E~0.66) 

(figure 3.4-C). The FRET efficiency time traces of individual substrate molecules in the 
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absence of FEN1 displayed a single FRET state suggesting that DF-6,1 existed in a single 

conformer (figure 3.4-E). In the presence of FEN1, the DNA was bent (figure 3.4-A) to 

result in decreasing the distance between donor and acceptor and the emergence of a 

lower FRET side peak of the bent conformer (E~0.35) (figure 3.4-C). The single molecule 

time traces showed the fluorescence intensities of the donor and acceptor exhibiting a 

single step of anti-correlated transition from the high to low FRET followed by formation of 

a stable FEN1-DNAbent conformer (figure 3.4-E). 

 

In the internal-labeling scheme, DF-6,1Internal alone exhibited a single peak with low FRET 

efficiency (E~0.34) (figure 3.4-D). The FRET efficiency time traces of individual substrate 

molecules in the absence of FEN1 also displayed a single FRET state confirming the 

findings from the flap-labeling scheme that DF-6,1 exhibited a stable single conformer 

(figure 3.4-F). In the presence of FEN1, DF-6,1Internal was bent (figure 3.4-B) to result in 

decreasing the distance between the donor and acceptor and the emergence of a side 

peak with higher FRET efficiency (E~0.52) (figure 3.4-D). The fluorescence intensities of 

the donor and acceptor exhibited a single step of anti-correlated transition to form a stable 

bent DNA conformer (figure 3.4-F). Collectively, both labeling scheme showed that DF-

6,1 exists in a single conformer and that FEN1 actively bends it. These results are 

consistent with those reported recently by our lab (Rashid et al. 2017). 
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Figure 3.4: Double flap DNA substrate labeling schemes and the real time observation of 
the active DNA bending by FEN11 
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Figure (3.4): Double flap DNA substrate labeling schemes and the real time observation of the active 
DNA bending by FEN1 
A) Schematic of the donor and acceptor positions showing the flap labeling scheme of DF-6,1 DNA substrate 
to monitor its active bending by FEN1. 
B) Schematic of the donor and acceptor positions showing the internal labeling scheme of DF-6,1 DNA 
substrate to monitor its active bending by FEN1. 
C) The smFRET histogram of the DF-6,1Flap substrate alone (upper panel) showing a Gaussian fitting of the 
substrate only peak around FRET efficiency of 0.7 and in presence of FEN1 (lower panel) showing the 
emergence of the second peak of bent substrate at lower FRET efficiency of 0.35. 
D) The smFRET histogram of the DF-6,1Internal substrate alone (upper panel) showing a Gaussian fitting of 
the substrate only peak around FRET efficiency of 0.34 and in presence of FEN1 (lower panel) showing the 
emergence of the second peak of bent substrate at higher FRET efficiency of 0.52. 
E) The smFRET time traces of the DF-6,1Flap substrate alone shows a stable unbent DNA conformer (upper 
panel), also shows the change in FRET upon DNA bending by FEN1 (lower panel).  
F) The smFRET time traces of the DF-6,1Internal substrate alone shows a stable unbent DNA conformer 
(upper panel), also shows the change in FRET upon DNA bending by FEN1 (lower panel). 
 

 

The DNA bending dissociation constant (Kd-bending) for FEN1 on DF-6,1Flap was calculated 

by fitting the percentages of the bent conformer from the FRET histograms at various 

concentrations of FEN1 with a non-linear least squares regression (figure 3.5-A); the 

percentages of unbent and bent DNA were calculated by fitting the two clearly separated 

peaks of the unbent and bent states by two Gaussians (figure 3.5-B). 

 

The Kd-bending was 4.6 ± 0.42 nM, which is in perfect agreement with the nM range of Km 

from bulk cleavage assays (Finger et al. 2009, Rashid et al. 2017). In a control experiment, 

we determined the dissociation-binding constant by SPR and found it to be also in perfect 

agreement with dissociation-bending constant (figure 3.3-A). These results suggest that 

FEN1 is likely to always bend the DNA after it binds it. 

 

 

 



91 
 

A) Kd-bending is calculated by fitting the percentage of the bent conformer from the FRET histograms at various 
concentrations of FEN1 (shown in B) with a non-linear least squares regression and the uncertainty in 
calculating the Kd-bending correspond to the standard deviation of triplicate measurements of the non-linear 
least squares regression fit. 
B) Gaussian fitting of the single peak histogram of DF-6,1Flap alone (high FRET) and the emergence of the 
lower FRET peak representing the bent conformer when FEN1 is introduced. The Gaussian fitting of the 
bent conformer percentage increase with increasing FEN1 concentration. 

 

A 

B 

Kd-bending =  

4.6 ± 0.42 nM 

FEN1 Titration/DF-6,1Flap 

Substrate FEN1=1nM  

FEN1=10nM  FEN1=40nM  FEN1=100nM  

FEN1=4nM  

Figure 3.5: Determination of the DNA bending dissociation constant (Kd-bending) for FEN1 on 
the DF-6,1 substrate 1 
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3.3.4 Full and stable DNA distortion require 5’flap threading into the cap-helical 
gateway 
 

The mechanism by which FEN1 accommodates the 5’flap is still controversial. The 

proposed models diverge into suggestions that 5’flap threads through the cap-helical 

gateway (Gloor et al. 2010, Patel et al. 2012) with recent study from our lab indicating that 

it occurs in the initial step of substrate recognition and before FEN1 engages the duplex 

portion of the substrate (Sobhy et al. 2013), and others indicating that DNA bending occurs 

prior to 5’flap threading (Tsutakawa et al. 2011). It has also been proposed that the 5’flap 

may be clamped away from the active site for catalysis (Orans et al. 2011). One issue that 

stimulated this controversy is that the 5’flap is absent in the FEN1:SF-0,1 complex. 

Moreover, the cap-helical gateway in this complex is fully structured and can 

accommodate only ssDNA or ssRNA 5’flap (Tsutakawa et al. 2011), indicating that the 

structure of the FEN1:SF-0,1 complex reflects a post threading intermediary step. 

 

We investigated previously the possible threading of the 5’flap and its coordination with 

DNA bending by using a modification that blocks the 5’flap threading process by 

immobilizing the DF substrate to the NA functionalized coverslips through a biotin attached 

at the end of a hairpin structure on the 5’flap (Sobhy et al. 2013). As discussed below, one 

critical issue with these experiments is that we relied only on the flap-labeling scheme and 

another minor issue is that it was difficult to separate the DF version of this substrate from 

the hairpin self-annealing product that gives rise to a side peak that overlaps with the bent 

state. We therefore re-visited these finding by repeating the experiments with the flap-

labeling scheme but this time using a DF substrate containing biotin at the end of a 30nt 

5’flap (figure 3.6-A). We also compared the results from the flap-labeling scheme with 

those from the internal-labeling scheme that reports directly on the geometry of the duplex 

DNA (figure 3.6-B). 

 

Flowing FEN1 after the immobilization of the substrate via the 5’flap to the surface would 

allow FEN1 to access the junction while selectively preventing it from threading the 5’flap. 
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We first monitored FEN1 bending activity using the flap-labeling scheme, which consist of 

a donor (Cy3) that is linked to the 5’flap at the 6th nt position and an acceptor (Cy5) 

positioned 13nt from the nick on the upstream primer (termed DF-30,1Flap-Blocekd) (figure 

3.6-A). DF-30,1Flap-Blocekd substrate alone exhibited a single peak with high FRET efficiency 

(E~0.7) (figure 3.6-C). This is in contrast to the previously used hairpin substrate on the 

5’flap that exhibited also a side peak as a result of the hairpin self-annealing (Sobhy et al. 

2013). In the presence of FEN1, bending wasn’t clearly observed when 5’flap was blocked 

but interestingly there was a minor shift toward a lower FRET state (figure 3.6-C) 

compared to that when FEN1 was allowed to form a 5’flap threaded complex by pre-

incubating it with the substrate prior to its immobilization (figure 3.6-H). This small shift 

was also observed in our previous experiment using a hairpin on the 5’flap. We are 

therefore able to fully reproduce our previously published results (Sobhy et al. 2013). The 

small change in FRET suggests that FEN1 is able to access the junction but was unable 

to perform a full distortion of the DNA. 

 

In order to gain direct understanding of the degree of DNA distortion, we used the internal-

labeling scheme where the donor and acceptor were placed on the duplex regions of the 

substrate (termed DF-30,1Internal-Blocked) (figure 3.6-B). The substrate alone exhibited a 

single FRET efficiency peak (E~0.25) (figure 3.6-D). In the presence of FEN1, we 

observed the active bending of the unthreaded substrate to a higher FRET efficiency 

(E~0.46) (figure 3.6-D). This FRET however was still less than that when FEN1 was 

allowed to form a 5’flap threaded complex by pre-incubating it with the substrate prior to 

its immobilization (E~0.52) (figure 3.4-D). Re-interpretation of the small shift seen from the 

flap-labeling scheme is therefore now possible, where it suggests that the geometry of the 

5’flap when threading is blocked is significantly different than that when the 5’flap is 

threaded. In fact, the flap-labeling scheme in the blocked substrate could be considered 

now to provide a direct measurement for 5’flap threading. 

  

Blocking the 5’flap threading have also impaired the Kd-bending (110 nM) by at least 20-fold 

compared to the unblocked 5’flap substrate (figure 3.6-E). Consistent with the smFRET 



94 
 

measurement, SPR showed higher Kd-binding to the blocked substrate (275 ± 23 nM) with 

the bound FEN1 forming only a transient complex with DNA (figure 3.6-F). Indeed, the 

FRET time traces of FEN1 accessing the blocked 5’flap showed very rapid multiple 

transitions between bent and unbent states compared to the stable bent conformer when 

FEN1 was allowed to thread the 5’flap prior to its blocking (figure 3.6-G). 

 

Collectively, these results demonstrate that 5’flap threading is not only required for proper 

DNA distortion but also is indispensable for stabilization of the bent DNA conformer. 

Nonetheless, the significant distortion of the DNA in absence of 5’flap threading leaves 

the exact timing mechanism of 5’flap threading relative to DNA bending an open question 

again. In one possibility FEN1 would recognize the 5’flap before it binds and bends the 

duplex DNA and in another it might significantly bend the DNA while it threads the 5’flap 

or before it starts threading the 5’flap. 
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A) Schematic showing the strategy of blocking the 5’flap threading first by immobilizing the flap-labeled 
substrate to the neutravidin (NA) functionalized surface through a biotin attached at the end of a 30nt ssDNA 
5’flap (termed DF30,1Flap-blocked) and then flowing in FEN1 protein onto the microfluidic champer to monitor 
DNA bending. 
B) Schematic showing the strategy of blocking the 5’flap threading but using the internallabeling scheme to 
produce DF-30,1Internal-blocked substrate. 
C) smFRET Histogram of DF30,1Flap-blocked substrate alone exhibited a single peak of high FRET efficiency 
of 0.66 (upper panel), with 500nM FEN1 we can see a minor shift of the high FRET peak to FRET efficiency 
value of 0.6 (lower panel). 
D) smFRET Histogram of DF-30,1Internal-blocked substrate alone exhibited a single peak of low FRET efficiency 
of 0.25 (upper panel), with 1000nM FEN1 we can see emergence of the bent conformer peak at FRET 
efficiency value of 0.46 (lower panel). 

Figure 3.6: 5’flap threading is required to establish full and stable bent conformer1 
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E) The observed higher DNA bending dissociation constant Kd-bending = 127 nM calculated by monitoring 
smFRET bent percentage at serial titrations of FEN1.  
F) SPR showed a markedly reduced binding affinity of FEN1 to DF-30,1Internal-blocked compared to its binding 
affinity to DF-6,1 substrate when 5’flap was free. Steady-state affinity fitting model shows a high dissociation 
binding constant (Kd-binding) equal to 275 nM.  
G) Time traces shows the fast transitioning between high and low FRET states and multiple anti-correlations 
of donor and acceptor intensities when FEN1 introduced to DF-30,1Internal-Blocked substrate (upper panel), while 
time traces shows a stable bent conformer when allowing FEN1 to thread the 5’flap prior blocking.  
H) Schematic showing the mechanism of trapping the 5’flap by FEN1 threading prior to blocking the 5’flap 
to produce smFRET histogram of DF-30,1Flap-Trapped substrate that exhibited a single peak of high FRET 
efficiency of 0.66 (upper panel), when trapping with 500nM FEN1 prior to blocking the 5’flap we can see 
major shift of the high FRET peak to FRET efficiency value of 0.38 (lower panel). 
 

3.3.5 Stable DNA distortion requires one nucleotide 3’flap 
 

The importance of 5’flap threading to both proper DNA distortion and stability of the bent 

DNA prompted us to investigate the importance of the 3’flap in inducing DNA bending. 

3’flap is a key feature in DF that is responsible for ensuring that FEN1 cleavage would 

result in a nick that can be sealed by DNA ligase 1. Previous studies have shown that 

removal of the 3’flap decreases FEN1 cleavage activity by 10-30 fold (Finger et al. 2009, 

Liu et al. 2006). The structure of FEN1:SF-0,1 complex showed extensive interaction with 

the 3’flap that comprised one-eighth of the overall FEN1:DNA binding surface (Tsutakawa 

et al. 2011). In order to understand the role of 3’flap with respect to DNA bending we used 

a substrate that misses the 3’flap but contains the 6nt on the 5’flap (termed SF-6,0). 

 

We used the same flap-labeling scheme as in DF-6,1Flap. SF-6,0Flap (figure 3.7-A) 

substrate alone exhibited a single peak with a high FRET efficiency (E~0.66) (figure 3.7-

C). The time traces of individual substrate molecules alone displayed a single FRET state 

(figure 3.7-D). We conclude therefore that SF-6,0Flap exists in a single conformer. FEN1 

actively bent SF-6,0Flap as shown by the emergence of a side peak of lower FRET (E~0.44) 

(figure 3.7-C) and the transition of the DNA to the bent conformer in the single molecule 

time traces (figure 3.7-D). The FRET of the bent state is slightly less than that in the 

cognate substrate. Rashid et al. showed using the internal-label scheme that the DNA is 

bent to similar final FRET as in DF-6,1 (Rashid et al. 2017). These results are consistent 
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with those published recently by our lab. Removal of the 3’flap have impaired DNA 

bending by 25-50 fold relative to DF-6,1 (Kd-bending= 257 nM) (figure 3.7-B). The time traces 

showed multiple very fast transitions between bent and unbent states (figure 3.7-D), 

demonstrating a reduced stability of the bent conformer when the substrate is missing the 

3’flap. SPR also showed increase in Kd-binding (244 ± 14 nM) (figure 3.7-E) with a clear 

faster dissociation rates compared to the cognate DF-6,1 (figure 3.3-A). Collectively, these 

results indicate that the presence of the 3’flap is not a prerequisite for DNA bending but is 

a very important for the stability of DNA binding and bending. 

 

Figure 3.7: FEN1 bends non-cognate DNA substrate (SF-6,0) with less affinity and stability compared to 
cognate DF-6,11 
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A) Schematic of the donor and acceptor positions showing the flap-labeling scheme of SF-6,0Flap DNA 
substrate to monitor its active bending by FEN1. 
B) The observed higher DNA bending dissociation constant Kd-bending = 257 nM calculated by monitoring of 
smFRET bent percentage at serial titrations of FEN1. Kd-bending is calculated by fitting the percentage of the 
bent conformer with a non-linear least squares regression.  
C) smFRET Histogram of SF-6,0Flap substrate alone exhibited a single peak of high FRET efficiency of 0.66 
(upper panel), with 200nM FEN1 we can see emergence of the bent conformer peak at FRET efficiency 
value of 0.44 (lower panel).  
D) Time Traces shows the stable FRET efficiency of SF-6,0Flap substrate alone (upper panel), when 
introducing FEN1 time traces shows fast transitioning between high and low FRET states and multiple anti-
correlations of donor and acceptor intensities.  
E) SPR shows a markedly reduced binding affinity of FEN1 to SF-6,0Flap compared to its binding affinity to 
DF-6,1 substrate when 5’flap was free. Steady-state affinity fitting model obtained a Kd-binding equal to 244 
nM. 
 
 

3.3.6 FEN1 is selective for one nucleotide 3’flap 
 

The above results underscore the importance of 5’flap threading in forming a fully distorted 

DNA, and both 5’flap threading and one nucleotide 3’flap in stabilizing the DNA bent 

conformer. This suggests that DNA bending is encoded by binding at the base of the flap 

junction in a mechanism that is coordinated with 5’- and 3’-flaps. We next investigated 

how this mechanism selects for one nucleotide on the 3’flap. The crystal structure of 

FEN1:SF-0,1 complex indicates that FEN1 could discriminate against a 3’flap that is 

longer than one nucleotide through an acid block overseeing the 3’flap binding pocket 

(Tsutakawa et al. 2011). We investigated this selectivity by increasing the length of the 

3’flap to 2nt (termed DF-6,2). Using the flap-labeling scheme of DF-6,2Flap (figure 3.8-A), 

we observed at least 10 folds increase in Kd-bending (48 ± 4.6 nM) (figure 3.7-B) relative to 

DF-6,1Flap. The FRET efficiency time traces showed multiple transitions between bent and 

unbent states (figure 3.7-C and D). We observed similar increase in Kd-binding of by SPR 

with the bound FEN1 dissociating at much faster off rates relative to DF-6,1 (figure 3.7-E). 

These results demonstrate that FEN1 might bend substrates with longer 3’flap but it 

discriminates against them by destabilizing their bent DNA conformer. 

Overall, the smFRET measurements presented in this chapter demonstrate that FEN1 is 

able to bend both cognate and non-cognate substrates. This is consistent with recent 

findings from our lab that also showed larger selection of non-cognate substrates being 
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bent by FEN1 (Rashid et. al., 2017). Yet FEN1 is able to differentiate between cognate 

and non-cognate substrates by increasing their dissociation binding and bending 

constants. This increase in Kd-bending is primarily caused by faster off rate, suggesting a 

high selectivity of FEN1 to stabilize the bent conformer of the cognate substrate while 

promoting the dissociation of non-cognate substrates. The requirement of 5’flap threading 

for proper DNA distortion suggests that DNA bending by binding at the base of the junction 

is coordinated with threading the 5’flap into the cap-helical gateway. The exact timing 

mechanism of 5’flap threading relative to DNA bending remains an open question however 

but our results suggests that it has to be in the initial step or at least while the DNA is being 

bent by FEN1. 
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A) Schematic of the donor and acceptor positions showing the flap labeling scheme of DF-6,2Flap DNA 
substrate to monitor its active bending by FEN1. 
B) The observed DNA bending dissociation constant Kd-bending = 48 nM calculated by monitoring of smFRET 
bent percentage at serial titrations of FEN1. Kd-bending is calculated by fitting the percentage of the bent 
conformer with a non-linear least squares regression.  
C) smFRET Histogram of DF-6,2Flap substrate alone exhibited a single peak of high FRET efficiency of 0.65 
(upper panel), with 50 nM FEN1 we can see emergence of the bent conformer peak at FRET efficiency 
value of 0.35 (lower panel).  
D) Time Traces shows the stable FRET efficiency of DF-6,2Flap substrate alone (upper panel), when 
introducing FEN1 time traces shows fast transitioning between high and low FRET states and multiple anti-
correlations of donor and acceptor intensities. 
E) SPR shows a markedly reduced binding affinity of FEN1 to DF-6,2Flap compared to its binding affinity to 
its cognate DF-6,1 substrate. Steady-state affinity fitting model obtained a high Kd-binding equal to 110 nM. 

  
 

 

Figure 3.8: Stability of FEN1 DNA bending interactions is selective to 1nt 3’flap1 
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CHAPTER FOUR: DISSECTING THE INTERACTION OF HUMAN 
FEN1 WITH PCNA ON FLAP SUBSTRATES AT THE SINGLE-
MOLECULE LEVEL 
 
 
 
 
 
Author’s Preface 

This chapter is focused on understanding how human PCNA influence the activity of FEN1 

during substrate binding, bending and 5’flap cleavage steps at the molecular level by 

simultaneously monitoring of DNA bending and cleavage of various flap substrates by 

FEN1 alone or in the presence of PCNA.  
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4.1 Abstract 
 

Human proliferating cell nuclear antigen (PCNA) encircles double-stranded DNA and acts 

as a scaffold to recruit and coordinate the activities of a large number of DNA processing 

proteins involved in replication, repair, recombination and chromatin remodeling. In this 

study, I am focusing on characterizing the mechanism by which PCNA recruits and 

stimulates the structure specific flap endonuclease 1 (FEN1) to process the aberrant 

double flap (DF) structures that are produced during maturation of Okazaki fragment on 

the lagging strand. FEN1 distorts the DF structures into a bent conformer to place the 

scissile phosphate into the active site for cleavage. The product is a nick substrate that 

can be sealed by DNA ligase I whose recruitment is also mediated by its interaction with 

PCNA. Here, I will present single-molecule Förster resonance energy transfer (smFRET) 

measurements that simultaneously monitored bending and cleavage of various DF 

substrates by FEN1 alone or in the presence of PCNA. This enabled me to dissect the 

effect of PCNA on the structure of the bent DNA conformer, rate of DNA bending and 

unbending and single turnover catalytic rates of FEN1 in the presence of DNA.  
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4.2 Introduction  
 

The maturation of Okazaki fragments process in eukaryotes is mediated by a highly 

coordinated multistep process involving many proteins that work together to ensure the 

accurate and efficient generation of a contiguous lagging strand. The key player 

responsible for the recruitment and coordination between different proteins that 

cooperatively or interchangeably work during different steps of the maturation process is 

the DNA sliding clamp PCNA. This homotrimeric protein acts as a scaffold that recruits 

and interacts with most of the replisome machinery. It is actively loaded on dsDNA through 

the ATP-dependent activity of replication factor C (RFC) that facilitates PCNA ring opening 

in solution and loading on dsDNA. The DNA-encircled PCNA acts as a processivity factor 

for the lagging strand DNA polymerase delta (Pol δ) by dramatically enhancing its DNA 

binding affinity. PCNA also interacts and enhances the activities of many DNA processing 

proteins including those involved in DNA replication, translesion DNA synthesis, base 

excision repair, nucleotide excision repair, mismatch repair, recombination, chromatin 

assembly and remodeling, sister chromatid cohesion, and cell cycle control (Ciccia and 

Elledge 2010, Zhou and Elledge 2000). Furthermore, PCNA plays a key role in DNA 

damage response (DDR) by being conveniently positioned at the replication fork to 

coordinate DNA replication with DNA repair and DNA damage pathways (Cazzalini et al. 

2014). 

 

The highly interactive property of PCNA is mediated by the binding of its inter domain 

connecting loop (IDCL) that is located at its front face with the PCNA-interacting protein 

(PIP) motif (Maga and Hubscher 2003, Tsurimoto 1999, Hingorani and O'Donnell 2000) 

(figure 4.1). The PIP motif is a flexible eight amino acid residues peptide found in many 

nuclear proteins. It interacts with PCNA by inserting the conserved glutamine into a small 

pocket on PCNA, while the last five hydrophobic residues binds into a large hydrophobic 

pocket located near the IDCL. Even though the interaction between PCNA (IDCL) and 

partner protein (PIP motif) employs small regions, these interactions are very important to 
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recruit and support the activity of many replisomal components. In fact, any mutations in 

the PIP motif or its deletion weaken or abolish these interactions. 

 

FEN1 as a member of the replication machinery also have this PIP motif embedded into 

its C-terminal domain, which is responsible of the majority of its physical interactions with 

PCNA (Sakurai et al. 2005, Li et al. 1995). One of the first studies that described the nature 

of interactions between PCNA and FEN1, reported that yeast PCNA and yeast FEN1 

interact through protein-protein interactions and proposed that PCNA focuses FEN1 on 

branched DNA substrates (flap structures) and on nicked DNA substrates (Li et al. 1995). 

This study further showed that PCNA stimulates the activity of FEN1 by 10-50 folds and 

that this stimulation depends on the proper functional assembly of PCNA as a toroidal 

trimer around the DNA. A year after, the Burger group characterized the interaction of the 

human version of PCNA and FEN1, reporting the stimulation of FEN1 cleavage activity by 

PCNA (Wu et al. 1996, Li et al. 1995). This stimulation however requires very high 

concentrations of PCNA presumably due to the extremely inefficient loading of PCNA on 

the DNA ends when relying on its diffusion rather than loading by RFC. They also showed 

that FEN1 fails to cleave the non-cognate substrates of heterologous loops or DNA 

bubbles or when part of the 5’flap on the cognate double flap substrate contains duplex 

DNA either at the tip of the flap or half way. The presence of PCNA doesn’t support FEN1 

to cleave these substrates. These results suggest that FEN1 requires a free 5’-single 

stranded flap and that this requirement can’t be compromised by the presence of PCNA. 

These results served as the base for the proposed 5’flap threading model in FEN1, where 

FEN1 tracks along the 5’flap while PCNA loads from the duplex region of the template 

DNA until both proteins meet at the junction (Wu et al. 1996). 

 

A mutagenesis study on the binding motifs either at the front or back face of PCNA found 

that mutations at the surface exposed molecules at the front face of PCNA affected its 

binding to FEN1 and abolished the stimulation of FEN1 cleavage activity (Jónsson, 

Hindges and Hübscher 1998). This suggests that the front face of PCNA is the main 

docking site for FEN1. 
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More biochemical analysis have followed focusing on understanding the mechanism by 

which PCNA stimulates FEN1 activity on DNA flap substrates. Bambara and his group 

found that PCNA indeed stimulates FEN1 on single flap substrates without affecting its 

cleavage specificity. They also presented results that stimulation of FEN1 cleavage activity 

is 5’flap length independent (Tom, Henricksen and Bambara 2000). 

 

Sakurai and Hakoshima (Sakurai et al. 2005)  solved the crystal structure of PCNA trimer 

in complex with three FEN1 (figure 4.1). The structure revealed that majority of FEN1 

binding to PCNA is mediated by its C-terminal domain that contains the PIP motif. It also 

showed the presence of another interaction mediated by four amino acids on the core 

domain of FEN1. Although all three FEN1 core-domains interact directly with three 

residues on PCNA, two of the bound FEN1 molecules (green and yellow in figure 4.1) are 

bound in a different orientation compared to the third FEN1 (red in figure 4.1). The center 

hole of PCNA in its complex with FEN1 is fully accessible for DNA interaction. 

 

The PCNA:FEN1 complex also showed that the core domain of FEN1 is connected to its 

C-terminal tail by a short four amino acids linker (QGST), which is highly conserved among 

other strains of FEN1. This short linker domain is proposed to functions as a hinge that 

gives some flexibility to the orientation of FEN1 core domain when it is bound to PCNA. 

Indeed, removal of this domain abolished the ability of PCNA to stimulate FEN1 cleavage 

activity. Based on these results, Sakurai and Hakoshima proposed two conformations of 

FEN1 binding to PCNA (figure 4.1): an active conformation in which FEN1 sets in close 

proximity to the DNA and an inactive conformation in which FEN1 orientation sets in 90-

100 degrees away from the active conformation. The fact that removing the hinge domain 

of FEN1 abolishes its stimulation by PCNA hints to the importance of flexibility of the FEN1 

core domain when bound to PCNA. It is possible that PCNA stimulates FEN1 cleavage 

activity by contributing in the structural transitioning in FEN1 that takes it from the inactive 

to the active conformation. 
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Figure 4.1: Crystal structure of FEN1 bound to PCNA1 

In this chapter, I will make full advantage of the previously established technique that 

revealed the mechanism of substrate distortion, bending and cleavage by FEN1 alone in 

chapter three and the work of Fahad Rashid in our lab (Rashid et al. 2017). Here, I will 

present single-molecule FRET measurements that simultaneously monitored bending and 

cleavage of various flap substrates by FEN1 alone or in the presence of PCNA, aiming to 

investigate in depth the interaction between FEN1 and PCNA and how these interactions 

contribute to the activity of FEN1 when it encounters cognate or non-cognate substrates. 

Characterizing the interaction between PCNA and FEN1 will contribute to better 

understanding of how PCNA coordinate the activities of DNA polymerase δ, DNA Ligase 

I and FEN1 in generating the double flap substrate, cleaving it and ligating it. 

 

 

 

 

 

 

 

 

 

   

The PDB ID used to generate this figure is 1UL1 (Sakurai et al. 2005): (Right) Front face view of the three FEN1 

proteins bound to trimeric PCNA subunits.(Left) Side view showing different orientation of the three FEN1 proteins. 
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4.3 Results: 
 

Based on previous findings in chapter three and recent work of Rashid et al. from our lab 

(Rashid et al. 2017), I followed a comprehensive multidisciplinary approach that combines 

biochemical and biophysical tools with the real time observation of single molecule 

techniques to unravel the mechanism substrate recognition by FEN1. This work 

established that FEN1 has high selectivity to stabilize the bent conformer of its cognate 

substrate while promoting the dissociation of non-cognate substrates. FEN1 also showed 

remarkable selectivity to assemble catalytically competent active site when bending 

cognate substrate and primarily catalytically incompetent active site when bending non-

cognate substrates. In this chapter, I will investigate the previously reported stimulation of 

FEN1 cleavage activity on flap substrates by PCNA. In particular, with respect to an 

unrecognized observation in literature that all published studies used the non-cognate 

single flap substrate and not a single one used the cognate double flap substrate. How 

exactly PCNA promotes FEN1 cleavage of a false substrate? Is it mediated by specific 

physical interactions between the two proteins and does PCNA contribute to its bending 

and cleavage kinetics? How does PCNA interact and influence the DNA bending and 

cleavage of cognate substrate? These sets of questions are critical to understand how 

PCNA influences FEN1 activity and selectivity inside the cell. 

 

4.3.1 Cloning, expression and purification of human PCNA protein 
  

The Native PCNA gene expression vector (pT7-PCNA-Ampr) was a generous gift from 

Prof. Yuji Masuda from the Research Institute for Radiation Biology and Medicine, 

Hiroshima University, Hiroshima 734-8553, Japan (Masuda et al. 2007). I successfully 

optimized the bacterial transformation and culturing conditions to achieve the highest 

protein expression levels and protein solubility, followed by the establishment of protein 

purification procedures for the native version of PCNA (figure 4.2-A). 
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Due to the great number of PCNA-partner proteins, it was an extensive work to separate 

pure preparation of PCNA through five purification steps. Although this protocol resulted 

with a highly pure (>95%) preparation of native PCNA, I decided to also simplify the 

purification protocol by providing a 6x-Histidine amino acids N-terminal tagged version of 

PCNA protein that is highly comparable to the native form in both activities and physical 

binding affinities to various replication machinery proteins (Iida et al. 2002, Ducoux et al. 

2001). This cloning procedure led to higher purity of >99%. It also accelerated the 

subsequent PCNA mutagenesis studies (figure 4.2-B). (Purification steps are described in 

the Materials and Methods). 

 

A               B      

A) Expression and purification of the native human PCNA protein.10% Tris-Bis SDS-PAGE gel images of: 
(M) PageRuler® prestained protein molecular weight marker (Invitrogen). (1) Cell lysates before induction 
with IPTG. (2) Cell lysates after induction of protein expression showing the monomeric PCNA protein at 
molecular weight of ~30 kDa. (3) PCNA eluted from the HiTrap Q 5-ml column. (4) PCNA eluted from 
CHT Ceramic Hydroxyapatite column. (5) PCNA eluted from HiPrep 16/60 S-300 size exclusion column. 
B) Expression and purification of the 6xHis-PCNA protein.10% Tris-Bis SDS-PAGE gel images of: (M) 
PageRuler® prestained protein molecular weight marker (Invitrogen). (1) Cell lysates before induction with 
IPTG. (2) Cell lysates after induction of protein expression showing the monomeric PCNA protein at 
molecular weight of ~30 kDa. (3) PCNA eluted from the HisTrap NiNTA column. (4) PCNA eluted from 
HiTrap Q column. (5) PCNA eluted from Hiprep 16/60 Superdex 300 column. 

 

Figure 4.2: Expression and purification of human PCNA 1 
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4.3.2 Expression and purification of human RFC protein 
 

The requirement of active loading of PCNA clamp onto DNA by RFC was the main 

incentive for me to optimize the bacterial transformation and culturing conditions of RFC 

expression vectors to achieve the highest protein expression levels and protein solubility, 

followed by the establishment of protein purification procedures for the native version of 

RFC (figure 4.3-A & B). (Purification steps are described in the Materials and Methods).  

 

A     B 

 
A) Expression of the native human RFC protein.10% Tris-Bis SDS-PAGE gel images of: (M) PageRuler® 
prestained protein molecular weight marker (Invitrogen). (1) Cell lysates before induction with IPTG. (2) Cell 
lysates after induction of protein expression showing the two major bands corresponding to the large RFC1 
subunit and a lower band corresponding to the other four subunits. 
B) Purification of the native human RFC. 10% Tris-Bis SDS-PAGE gel images of: (M) PageRuler® 
prestained protein molecular weight marker (Invitrogen). (1) Cells lysate after centrifugation. (2) RFC eluted 
from HiTrap Heparin column. (3) RFC eluted from ATP Agarose column. (4) RFC eluted from HiTrap Q 
column. (5) RFC elutied from Hiload 16/60 superdex 75-PG size exclusion column. 

 

Figure 4.3: Expression and purification of human RFC1 
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4.3.3 Loading of PCNA on short DNA substrates requires presence of FEN1 and 
DNA free end 
 

I conducted in vitro surface plasmon resonance (SPR) study to assess the loading of 

PCNA on short DNA constructs in the absence and presence of FEN1. Three constructs 

were used to examine if FEN1 and PCNA forms a complex with both proteins bound 

simultaneously to the DNA as oppose to a scenario where FEN1 is bound to the DNA and 

retaining DNA-unbound PCNA via protein-protein interaction (figure 4.4). The first DNA 

construct is a cognate DF-6,1(5’-Bit) with the biotin placed at the 5’ end of the template 

(figure 4.4-A). This construct would block PCNA loading on the downstream duplex part 

of the double flap substrate. This condition is believed to mimic the proper orientation of 

PCNA loading on the upstream DNA when accompanied DNA polymerase δ. The second 

substrate is a cognate DF6-1(3’-Bit) with the biotin at the 3’ end of the template (figure 4.4-

B). This construct would block PCNA loading on the upstream duplex DNA. The third 

substrate is a cognate DF-6,1(Double-Bit) with the biotin placed at both the 3’- and 5’-ends of 

the template primer, respectively (figure 4.4-C). This construct would block PCNA loading 

from both ends and therefore provides a stringent control to determine if PCNA forms a 

DNA-mediated complex with FEN1 or not. 

 

I found that PCNA alone can’t load or bind onto the three DNA constructs by itself (figure 

4.4-A, B and C). This shows that diffusion of PCNA through the ends of the DNA is highly 

inefficient process and therefore would require the active PCNA ring opening and closing 

mechanism by RFC. FEN1 alone is able to bind to the three DNA constructs equally 

demonstrating that the biotin location has no influence on its binding (figure 4.4-A, B 

andC). Interestingly when introducing PCNA with FEN1, PCNA binding is clearly detected 

on DNA construct that has either the downstream or upstream duplex region of the 

substrate free (figure 4.4-A and B) but not in the case when the two duplex ends were 

blocked (figure 4.4-C). These results clearly demonstrate that any detected binding in the 

presence of FEN1 resulted from binding of PCNA that is bound to the DNA. Interestingly, 

the maximum response unit (RUmax) reached in the case of DF-6,1(5’-Bit) was significantly 

higher than that in the case of DF-6,1(3’-Bit) (figures 4.4-A and B), demonstrating that PCNA 
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Figure 4.4: Loading of PCNA on DNA requires a free ends of duplex region in addition to FEN11 

has preference to load on the  upstream duplex DNA. The RUmax detected in DF-6,1(5’-Bit) 

when PCNA is injected with FEN1 is compatible to the theoretically calculated RUmax, 

based on their molecular weights ration, for one PCNA trimer and one FEN1 molecule per 

one DNA substrate. These findings supports the previously proposed model of FEN1 

loading from the flap junction while PCNA loads from the upstream end of the duplex, with 

both of them meeting at the junction (Wu et al. 1996). 

 

We propose that PCNA is either binding to the DNA as a preformed complex with FEN1 

in solution, or FEN1 first binds the DNA and then assists PCNA loading by promoting its 

diffusion at the DNA free end.  

  

   A         B               C 

 

 

 

 

 

 

 

 

 
A) Schematic illustration of the 5’ biotin blocked DF-6,1 substrate and the SPR sensogram of 100 nM FEN1 
binding (response units (RU) in black), 100 nM FEN1 with 500 nM PCNA (RU in red) and 500 nM PCNA 
only (RU in blue). 
B) Schematic illustration of the 3’ biotin blocked DF-6,1 substrate and the SPR sensogram of 100 nM FEN1 
binding (RU in black), 100 nM FEN1 with 500 nM PCNA (RU in red) and 500 nM PCNA only (RU in blue). 
C) Schematic illustration of the double biotin blocked DF-6,1 substrate and the SPR sensogram of 100 nM 
FEN1 binding (RU in black), 100 nM FEN1 with 500 nM PCNA (RU in red) and 500 nM PCNA only (RU in 
blue). 
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4.3.4 Real time observation of PCNA contribution to the FEN1 DNA bending 
activity on its cognate double flap substrate 
 

Our previous findings on the DNA bending activity by FEN1, supported by several previous 

studies, demonstrated that double flap substrates is the most preferred cognate substrate 

for FEN1 binding and bending. We therefore initially started to characterize how PCNA 

influence DNA bending on the cognate DF-6,1 substrate using the flap labeling scheme 

(DF-6,1Flap) that was introduced in Chapter Three. We used the construct with the biotin 

placed on the downstream dsDNA in order to allow efficient PCNA loading that mimic its 

physiological direction (figure 4.5-A - left panel). Comparison of the FRET efficiency of the 

substrate alone and in the presence of saturating concentrations of PCNA (500 nM) alone 

showed that PCNA has no effect on the substrate (figure 4.5-A - middle panel), which is 

consistent with the SPR binding study that showed PCNA can’t bind to this substrate 

(figure 4.4-A). In contrast, FEN1 alone was able to bend the DNA and increase the 

distance between the donor and acceptor to result in the emergence of a side peak with 

lower FRET state (figure 4.5-A - right panel). 

 

I next introduce PCNA at different concentrations while keeping FEN1 concentration 

constant (2 nM). Enhancement of FEN1 DNA bending activity is clearly seen at elevated 

trimeric PCNA concentrations starting from 100 nM and reaching its maximal value at 500 

nM (figure 4.5-B). The optimal stimulation of FEN1 at 500 nM PCNA is consistent with 

previous studies from bulk cleavage assays (Li et al. 1995, Wu et al. 1996). These results 

show that PCNA enhances the DNA bending activity of FEN1, but this enhancement 

requires high concentrations presumably to overcome the diffusion barrier for loading 

PCNA onto short DNA substrates. 
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A) (left panel); Schematic of the donor and acceptor positions showing the flap labeling scheme of DF-6,1 
substrate used to monitor its active bending by FEN1 along with the high FRET efficiency of the substrate 
alone. (middle panel); Schematic of the biotin blocked downstream DF-6,1 substrate to force PCNA loading 
from the upstream dsDNA region along with the unchanged FRET efficiency of 500 nM PCNA alone. (right 
panel); Schematic of the DF-6,1 DNA substrate with 5 nM FEN1 showing its active bending that produces 
a lower FRET efficiency peak. 

Substrate alone Biotin 
3’ 5’ 

PCNA alone Biotin 3’ 5’ 
Biotin 

3’ 5’ 
FEN1 alone 

Figure 4.5: PCNA contribution to DNA bending 1 
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B) The smFRET histograms in the upper panels shows the FRET efficiency histograms of the DF-6,1Flap 
substrate alone (E~0.7 ) and in presence of 2 nM FEN1 (E~0.35). The smFRET histograms in the lower 
panel show the titration of PCNA with a fixed concentration of 2 nM FEN1. The enhancement started at 100 
nM PCNA, reached optimal values at 500 nM PCNA and did not change beyond this concentration as shown 
at 1000 nM PCNA.  

 

4.3.5 PCNA directional dependent enhancement of the FEN1 DNA bending 
activity 
 

Next I determined the DNA bending dissociation constant (Kd-bending) of FEN1 alone and in 

presence of 500 nM PCNA by fitting the percentages of the bent conformer from the FRET 

histograms at various concentrations of FEN1 and fixed concentration of PCNA with a 

non-linear least squares regression as described in Chapter Three. I compared the Kd-

bending on DF-6,1Flap with biotin placed on 3’- or 5’- end to allow PCNA loading on either the 

downstream- or upstream-dsDNA. FEN1 bound both substrates with comparable Kd-bending 

demonstrating that immobilization of the different ends has no effect on FEN1 DNA 

bending activity (figure 4.6-A and B). In the presence of PCNA, we observed 10-fold 

stimulation on FEN1 DNA bending activity when PCNA is allowed to load on the upstream 

dsDNA (figure 4.6-B). Interestingly, no observed stimulation on FEN1 bending activity was 

detected when PCNA loads from the downstream dsDNA (figure 4.6-B). These results 

shows clearly that FEN1 and PCNA have directional preference to cooperate on distorting 

the DNA and that this directionality is consistent with the physiological location of PCNA if 

it would have been coming with Pol δ. It also showed that if PCNA approaches the flap 

from the downstream dsDNA it would not have influenced FEN1 activity. 
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A) Kd-bending for FEN1 alone (right panel) and in the presence of 500 nM PCNA (left panel) for the 5’-biotin 
blocked DF-6,1. 
B) Kd-bending for FEN1 alone (left panel) and in presence of 500 nM PCNA (right panel) for the 3’-biotin blocked 
DF-6,1. 

 

 

 

 

Figure 4.6: DNA bending dissociation constant (Kd-bending) for FEN1 on DF-6,1 alone 
or in the presence of PCNA 1 
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4.3.6 Enhancement of FEN1 DNA bending activity is mediated by protein-protein 
interactions with PCNA 
 

In order to understand if the observed stimulation in Kd-bending is mediated by protein-protein 

interaction between PCNA and FEN1, I deleted the PIP motif embedded in the C-terminal 

domain of FEN1. This ΔC-FEN1 mutant lacks the ability to physically contact PCNA as 

shown directly by SPR, where no increase in RU was detected above that of FEN1 when 

binding sonsorgram of ΔC-FEN1 alone was compared with ΔC-FEN1 in the presence of 

PCNA (figure 4.7-A). ΔC-FEN1 was still able to bend the DNA normally with Kd-bending that 

are comparable to that observed for wild type FEN1 (figure 4.7-B). Including PCNA with 

ΔC-FEN1 showed no change on Kd-bending in contrast to that observed with wild type FEN1. 

Collectively, both SPR and smFRET measurements confirm that stimulation of FEN1 

bending activity by PCNA is mediated by protein-protein interaction. These result provide 

further stringent control that PCNA is not able to simply bind to the end of the DNA and 

that FEN1 binding to the DNA is indispensable for its loading on short DNA constructs. 
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A) SPR sensorgram of 100nM ∆C-FEN1 (RU in black) and 100nM ∆C-FEN1 with 500 nM PCNA (RU in red). 
B) Kd-bending for FEN1 alone (right panel) and in the presence of 500 nM PCNA (left panel) for the 5’-biotin 
blocked DF-6,1. 

 

 

Figure 4.7: Protein-protein interaction mediates PCNA stimulation of FEN1 DNA bending activity 
1 
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4.3.7 PCNA interaction with FEN1 on the widely used non-cognate single flap 
substrate 
 

After establishing the optimal conditions to observe stimulation of FEN1 bending activity 

on the cognate DF-6,1 substrate, I turned my focus to characterize how PCNA influences 

FEN1 bending activity on the widely used non-cognate substrate that misses the 3’flap 

but contains the 5’flap (Termed SF-6,0) using the flap label scheme.  

 

I started by directly measuring the contribution of PCNA to the binding of FEN1 to SF-6,0 

using SPR. The dissociation-binding constant (Kd-binding) of FEN1 in the presence of PCNA 

was 54 nM while alone it was 211nM (figure 4.8- A and B), demonstrating that PCNA 

stimulates the binding affinity of FEN1. Next, I investigated the effect of PCNA on FEN1 

DNA bending activity. Kd-bending of FEN1 decreased by at least 10 folds in the presence of 

PCNA (figure 4.9-A), similar to that observed in the case of cognate DF-6,1. Interestingly, 

the time traces of FEN1 alone on SF-6,0 showed multiple very fast transitions between 

bent and unbent states (figure 4.9-B), in contrast to the case when PCNA is added where 

the time traces showed much slower transitions with markedly much longer lived bent 

conformer (figure 4.9-B). This stabilization effect is consistent with the slower decrease in 

RU in the buffer washing step in the SPR measurements. This observation suggests that 

PCNA might compensate for the noticed decrease of FEN1 cleavage activity when the 

3’flap is removed (Finger et al. 2009, Liu et al. 2006). 

 

 Dwell time analysis of the bent (τbending) and unbent (τunbending) states at increasing FEN1 

concentrations with 500 nM PCNA indicated that the second-order association rate 

constant (kon-bending) calculated from the slope of the linear fit of the concentration 

dependence of kbending was diffusion limited 2.4 ±0.01 x107 M-1s-1. Interestingly, this kon-

bending however was 6-fold slower than that of FEN1 alone (Rashid et al. 2017) suggesting 

that the complex loads on DNA with slower on rate and further support the argument that 

FEN1 and PCNA are loading together rather than FEN1 loads first and then recruits 

PCNA. The average value of kunbending was markedly decreased  compared to that in the 
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absence of PCNA, koff-unbending was 0.53 ± 0.13 s-1 that resulted in a much more extended  

τunbending ~1800 ms (figure 4.9-C) compared to that reported for FEN1 alone of 23.3± 3.8 

s-1 with a τunbending ~43ms (Rashid et al. 2017). 

 

The significant increase in the life time of the bent state of SF-6,0 in the presence of PCNA 

suggests that PCNA might provide FEN1 with more time to eventually cleave the 

substrate. To test this proposition, I moved next to monitor FEN1 cleavage reaction at the 

single molecule level in presence and absence of PCNA. 

A) Kd-binding of FEN1 alone on SF-6,0Flap.  
B) Kd-binding of FEN1 in presence of 500 nM PCNA on SF-6,0Flap. 
C) Sensorgram of the binding isotherm of FEN1 on SF-6,0. 
D) Sensorgram of the binding isotherm of FEN1 (same concentration range as in (C) in presence of 500 
nM PCNA on SF-6,0. 

Figure 4.8: The dissociation binding constant (Kd-binding) for FEN1 on SF-6,0 alone or in the 
presence of PCNA 1 



120 
 

A 

 

 

 

 

 

 

 

B 

 

 

 

 

 

 

C 

 

 

 

 

 

 

 
A) (right Panel); The observed 10-fold stimulation of Kd-bending for FEN1 on SF-6,0Flap in presence of 500 nM 
PCNA compared to the Kd-bending of FEN1 alone (left Panel). 
B) (left Panel); Single molecule time traces of FEN1 alone on SF-6,0Flap showing fast transitioning between 
high and low FRET states. (right Panel); single molecule time trace of FEN1 in presence of 500 nM PCNA 
showing slower transitioning between high and low FRET states. 

Figure 4.9: PCNA enhances FEN1 Kd-bending on it’s non-cognate SF-6,0 substrate1 
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C) Time traces  analysis  of  SF6,0-Flap  DNA  bending  association  rate  constant  (kon-bending) and  dissociation  
rate  constant  (koff-unbending)  are  shown.  kbending and kunbending were calculated by fitting an exponential function 
to the histogram from the population   of   dwell   times   of   bent   (τbending)   and   unbent   (τunbending)   
conformers, respectively. Error bars correspond to the standard deviation of the fit. kon-bending and koff-unbending 
are calculated from the slope of kbending from a linear regression fit and the mean of kunbending, respectively. 

 

4.3.8 FEN1 successful cleavage activity is coordinated by proper and stable DNA 
bending to its cognate substrate 
 

Catalysis is proposed to require changes in both FEN1 and DNA substrate conformations 

in order to assemble the active site around the junction and to move the scissile phosphate 

closer to the catalytic metal ions (Tsutakawa et al. 2011, Sakurai et al. 2005, Devos et al. 

2007, Lee et al. 2015, Liu et al. 2015, Orans et al. 2011). To examine FEN1 active site 

assembly and cleavage activity in coordination with DNA bending, we used the flap 

labeling scheme in order to simultaneously monitor DNA bending and 5’flap release upon 

cleavage; this is achieved by replacing Ca+2 with Mg+2 ions in the reaction buffer allowing 

cleavage to commence (figure 4.10-A). The successful cleavage event and departure of 

the 5’flap in the time traces can be represented by the loss of the donor (Cy3) signal on 

the 5’flap after a confirmed DNA bending event by a clear anti-correlated change in the 

donor and acceptor intensities (figure 4.10-B). The direct comparison of donor 

fluorescence intensity signals in the presence of FEN1 and either Ca+2 or Mg+2 ions 

showed clearly that the loss of donor signal is dramatically higher when introducing Mg+2 

ions compared to Ca+2 ions. Also the great loss of donor fluorescence intensity signals 

monitored with Mg+2 coincides with the presence of FEN1 compared to minor loss in the 

absence of FEN1. These observations confirm a strong correlation between loss of donor 

signal and departure of the 5’flap to result from FEN1 cleavage reaction and not due to 

donor photo-bleaching (figure 4.10-C).  

 

Time traces indicated that FEN1 always bent DF-6,1 before cleaving the Cy3-containing 

5’flap and also every DNA bending event led to a successful cleavage reaction (figure 

4.10-B).  The FRET efficiency values before cleavage from individual time traces showed 

that FEN1 cleaved DF-6,1 from a fully bent state after staying for a certain period of time 
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we called “lag time” (figure 4.10-B) and remained in this lag time with fully bent junction 

for 167 ± 3 ms prior to cleavage (figure 4.10-D). These results are consistent with those 

recently published by our lab (Rashid et al. 2017). 

 

FEN1 cleavage generates two products: 5’flap ssDNA and nicked dsDNA (figure 4.10-A). 

Other studies demonstrated that excess nicked dsDNA but not 5’flap ssDNA influences 

FEN1 activity suggesting that only nicked dsDNA is a competitive inhibitor of FEN1 release 

(Finger et al., 2009). Consistent with these findings, our lab also observed that the lag time 

before cleavage is not influenced by the addition of excess 5’flap ssDNA (Rashid et al. 

2017). Furthermore, I showed by SPR that only residual transient binding of FEN1 to 

ssDNA was detected at concentrations that were orders of magnitude above Kd-bending of 

DF-6,1 (figure 3.4-B). We concluded therefore that our measurements of lag time before 

cleavage is not inhibited by the lack of 5’flap release. Therefore single-turnover kcat (kSTO) 

could be determined directly from the lag time prior to cleavage (kSTO = 1/τbefore cleavage).  

 

Our kSTO (6.3±0.2 s-1) was comparable to that determined by bulk cleavage assays KSTO 

(12.3 s-1−>5 s-1) (Stodola and Burgers 2016, Algasaier et al. 2016). The slight difference 

is explained by the lower reaction temperature in the single molecule assays. Rashid et 

al. reported on rates for bending DF-6,1 that were diffusion-limited (Rashid et al. 2017). 

This together with the observation that every bending event leads to cleavage provides 

direct evidence that FEN1 catalysis is diffusion limited. The lag time distribution prior to 

cleavage shows a rise and decay (figure 4.10-D), suggesting that the underlying catalytic 

mechanism involves two or more steps, as a single-step process will have a single 

exponential decay. Rashid et al. used low molecular weight viscogen that interferes with 

local conformation changes and showed that kSTO increased upon increasing the viscogen 

concentration suggesting that one of the steps that takes place during the lag time before 

cleavage is the 3’flap-induced protein ordering. 
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A) Schematic showing the simultaneous monitoring of DNA bending and 5’flap cleavage at the single-
molecule level. 
B) A representative smFRET time trace (upper panel) with a zoomed-in view (lower panel) showing the 
cleavage of DF-6,1Flap in which FEN1 never misses the opportunity to bend the DNA and cleave it. 
C) Bar chart comparing the Cy3 donor signal lost in DF-6,1Flap substrate due to photobleaching (+Ca2+) or 
to both photobleaching and incision (+Mg2+) in presence of FEN1. 
D) Dwell times of the bent state prior to cleavage of DF-6,1Flap fitted with a Gaussian distribution to calculate 
average dwell time (τavg) from number of independent experiments (N = 3). The uncertainty corresponds to 
the standard error of the mean. Single turnover kcat (kSTO) is = 1/τavg. Cleavage was performed at 100 ms 
temporal resolution. 

D 

Figure 4.10: 5’flap cleavage of DF-6,1 at the single molecule level1 
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4.3.9 Confirming that FEN1 avoids off-target DNA cleavage in the DNA lockdown 
step 
 

Rashid et al. (Rashid et al. 2017) reported that cleavage of non-cognate substrates is very 

different than cognate substrate in that FEN1 bend these substrates but do not commit to 

the cleavage step. Instead, FEN1 promote the dissociation of the substrate without 

cleaving it. The life time of the bent state in these cognate substrates in some cases was 

less than that required for catalysis, such as that for SF-6,0, demonstrating that one of the 

discrimination mechanism in FEN1 is to destabilize the binding of non-cognate substrates 

so that the life time of the bent conformer doesn’t support that required for catalysis. In 

other non-cognate substrates, the life time of the bent conformer exceeds that of required 

for catalysis by 3-4 fold and yet the DNA underwent through multiple cycles of DNA 

bending without cleavage. Rashid et al. reasoned this to a mechanism in which the 3’flap-

induced protein ordering acts one time after DNA bending where it locks the active site in 

catalytically competent form in case of cognate substrate and primarily in incompetent 

form in case of non-cognate substrates. In support of this, Rashid et al found that kSTO for 

the cleavage event in non-cognate substrates was similar to that in the case of cognate 

substrate. This is contrast to a scenario where cleavage of non-cognate substrate occurs 

at slower rate since this scenario should have resulted with a much higher kSTO in cases 

where the life time of the bent conformer was significantly higher than that required for 

catalysis.   

 

Here, I confirmed these findings using SF-6,0 whose life time of the bent state is 3-4 faster 

than that required for catalysis, and DF-6,2 whose life time is 3-4 fold slower than that 

required for catalysis. My results on SF-6,0 showed that the DNA underwent through many 

cycles of DNA bending without cleavage before a bending event led to cleavage by chance 

(figure 4.12-F). The lag time before cleavage was consistent with reported by Rashid et al 

and was similar to that in cognate substrate (figure 4.12-A). I also showed that similar 

behavior of bending without cleavage occurred in the case of DF-6,2 before a cleavage 

event took place with lag time that is also consistent with reported by Rashid et al and was 

similar to that in cognate substrate (figure 4.11-C). Collectively, these results supports the 
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proposed model by Rashid et al. that FEN1 discriminates against non-cognate substrates 

by both promoting their dissociation before cleavage and locking their conformation and 

the protein into catalytically incompetent form. 

 

A) Representative smFRET time trace of the SF-6,0Flap substrate cleavage. In presence of Mg2+ and 100nM 
FEN1, FEN1 exhibited multiple cycles of DNA bending and unbending before a successful DNA bending 
event led to 5’flap cleavage. 
B) Representative smFRET time trace of the DF-6,2Flap substrate cleavage. In presence of Mg2+ and 50nM 
FEN1, FEN1 exhibited abortive DNA bending events before cleaving the 5’flap by chance. 
C) τavg and kcat of the bent state prior to cleavage of SF-6,0Flap from number of independent experiment (N = 
4). The uncertainty corresponds to the standard error of the mean. τavg and kcat are calculated as described 
in 4.10-D. Cleavage was performed at 50 ms temporal resolution. 
D) τavg and kcat of the bent state prior to cleavage of DF-6,2Flap. τavg and kcat are calculated as described in 
4.10-D. Cleavage was performed at 50 ms temporal resolution. 

 

Figure 4.11: FEN1 follows an abortive DNA bending behavior to avoid off-target DNA cleavage1 
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4.3.10 PCNA enhances FEN1 cleavage activity on the non-cognate SF-6,0. 
 

 

Comparing the kSTO of FEN1 on cognate DF-6,1Flap in presence and absence of PCNA, 

showed that addition of PCNA mildly increased the dwell time of the bent state prior to 

cleavage (figure 4.12-A and B), suggesting that PCNA is not affecting the kSTO of FEN1 on 

DF-6,1. These results explain why previous studies reported no stimulation on the 

cleavage activity of FEN1 on the cognate double flap substrate in presence of PCNA 

(Dovrat et al. 2014).  

 

In the case of FEN1 and SF-6,0Flap, the observed dwell time before cleavage increased 

mildly in the presence of PCNA as observed in the case of the cognate DF-6,1 substrate 

(figure 4.12-C). Interestingly, the cleavage dwell time in case of SF-6,0 and DF-6,1 in the 

presence of PCNA became identical while in the absence of PCNA it was slightly faster in 

the case of SF-6,0 (figure 4.12-A and C). We reasoned the faster dwell time for SF-6,0 in 

the absence of PCNA due to the biasing in catching cleavage events that are shorter lived 

since the life time of the bent state was limiting. However, when this limitation is removed 

by the presence of PCNA, the bias was also removed and the cleavage now occurs with 

similar dwell time.  

 

Interestingly, in the presence of PCNA we also observed the emergence of a new 

population of successful cleavage with a significantly longer dwell times (τbefore cleavage ~ 

850 ms) which is 4 folds more than that required for FEN1 to commence to cleavage 

(figure 4.12-D). The emergence of this new population suggest that PCNA could enhance 

the cleavage of non-cognate substrate by allowing more time for FEN1 and DNA to stay 

in the bent conformer. It is unclear how FEN1 cleave this population within the context of 

the proposed DNA-conformation locking down mechanism described by Rashid et al. One 

key findings is that we observed several cycles of DNA bending without cleavage in SF-

6,0 even in the presence of PCNA. Since the lifetime of the bent conformer is no longer 
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limiting in the presence of PCNA, and contrary became 8-fold longer than that required for 

catalysis, the observed miss-cleavage behavior strongly suggests that the DNA- 

conformation locking mechanism is in play in the presence of PCNA. However, the slower 

cleaved particles suggest that FEN1 undergoes through fast transitions between bending 

or unbending states that is due to FEN1 dissociation and re-associating while it is bound 

to PCNA.  

E FEN1/SF-6,0Flap              F          FEN1+PCNA/SF-6,0Flap 

Figure 4.12: Cleavage of DF-6,1 and SF-6,0 by FEN1 alone and in presence of PCNA at the single 
molecule level1 
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A) τavg and kcat of the bent state prior to cleavage of DF-6,1Flap by FEN1 from independent experiment (N = 
3). Cleavage was performed at 100 ms temporal resolution. τavg and kcat are calculated as described in figure  
4.10-D. 
B) τavg and kcat of the bent state prior to cleavage of DF-6,1Flap in presence of 500 nM PCNA. τavg and kcat are 
calculated as described in 4.10-D. 
C) τavg and kcat of the bent state prior to cleavage of SF-6,0Flap by FEN1 alone. τavg and kcat are calculated as 
described in 4.10-D. 
D) τavg and kcat of the bent state prior to cleavage of SF-6,0Flap in presence of 500nM PCNA. τavg and kcat are 
calculated as described in 4.10-D. 
E) Representative smFRET time trace of the cleavage of SF-6,0Flap by 100nM FEN1, where the substrate 
exhibited multiple cycles of DNA bending and unbending before a successful DNA bending event led to 
5’flap cleavage. 
F) Representative smFRET time trace of the cleavage of SF-6,0Flap by 100nM FEN1 in the presence of 
500nM PCNA, where the substrate exhibited multiple cycles of DNA bending and unbending before a 
successful DNA bending event led to 5’flap cleavage. 
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CHAPTER FIVE:  DISCUSSION 
  

One of the longest standing questions with regard to the mechanism of DNA replication is 

how it can perform a fine coordination between two different modes of DNA synthesis and 

achieves similar DNA synthesis rates on both strands. In contrast to the continuous 

leading strand synthesis, the discontinuous lagging strand requires much higher level of 

complexity that involves several proteins and steps to repeatedly synthesize the Okazaki 

fragments and then repeatedly mature them to form the contiguous lagging strand. Over 

the past two decades, studying the maturation of Okazaki fragments in eukaryotes 

resulted in the identification of its components and a decent structural and biochemical 

characterization of some aspects of its mechanism at the molecular level. Nevertheless, 

several questions remain poorly understood including how FEN1 achieve exquisite 

specificity and accuracy in cleaving the 5’flap, how this mechanism is influenced by PCNA, 

how PCNA regulates the access of FEN1, Pol δ and Ligase 1 to the substrate, what 

influence the length of the 5’flap, and what cause the 5’flap to escape FEN1 cleavage 

activity and how the cell deals with these long 5’flaps. Understanding some of these 

spatiotemporal regulated questions and unraveling their detail mechanistic information 

could strongly benefit from single molecule imaging approaches.  

 

In my thesis, I initiated the work in our lab to reconstitute the maturation of Okazaki 

fragments from purified proteins and the establishment of a comprehensive 

multidisciplinary approach that combines biochemical and biophysical tools with the real 

time observation of single molecule imaging techniques, aiming to unravel the physical 

interactions and the intermediary steps that are integral part of the maturation process. 

Our ultimate goal is to be able to record molecular movies at the single molecule of this 

entire process by watching FEN1, Pol δ and Ligase 1 bound to PCNA and performing their 

reactions starting from generating the double flap substrate to cleaving the 5’flap and 

ligating the final nick. Achieving this task requires first the availability of purified and active 

forms of these proteins and the establishment of variety of single molecule imaging 

techniques. Hidden part of my thesis work that took bulk of my project is the cloning, 
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expression, purification of three components of this process: FEN1, PCNA and the clamp 

loader RFC. In addition, I also generated several mutant forms of these proteins and 

fluorescently labeled proteins. The proteins of choice were all from human since our 

current understanding of the maturation of Okazaki fragments is primarily based on 

reconstituted activities from yeast proteins. Here, I present work that focuses on 

understanding the mechanism of substrate recognition by FEN1 and how its interaction 

with PCNA influences its activity and selectivity when encountering its correct or incorrect 

substrates. This sets up the foundation for our future work toward achieving our goal of 

full reconstitution of the maturation of Okazaki fragments at the single molecule level.  

 

I started the reconstitution process by investigating the molecular mechanism by which 

FEN1 recognize its cognate double flap substrate that is generated by the strand 

displacement activities of Pol δ on the lagging strand or Pol β during long-patch base 

excision repair (Prasad et al. 2001, Liu et al. 2005, Garg et al. 2004). This question is 

important beyond these process since FEN1 is the archetypal member of large 

superfamily of structure specific endo- and exo-nucleases that are involved in all aspects 

of DNA and RNA metabolisms termed 5’-nucleases (Devos et al. 2007, Lee et al. 2015, 

Liu et al. 2015, Orans et al. 2011, Sakurai et al. 2005, Patel et al. 2012). Members of this 

superfamily share significant unifying features in their amino acid sequence and tertiary 

structures, yet they cleave diverse substrates at a similar position relative to the 5’ end of 

a ss/ds-DNA junctions. Increasing structural and biochemical evidences demonstrate that 

DNA bending at the ss/ds-DNA junction would position the scissile phosphate near the 

active site, providing a mechanism that would unify their cleavage site (Orans et al. 2011, 

Tsutakawa et al. 2011, Lilley 2016). It also established that binding of DNA induce protein 

ordering that control active site assembly (Tsutakawa et al. 2011, Sakurai et al. 2005, Lee 

et al. 2015). These concepts of DNA distortion and protein ordering extends beyond 

FEN1-like nucleases to other DNA repair structure specific nucleases (Gwon et al. 2014). 

However, it is unclear how 5'-nucleases distorts the structure of target DNA and how this 

distortion contributes along with protein ordering to efficient and accurate substrate 

recognition and catalytic selectivity. To address these fundamental questions, we used 
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smFRET to directly observe DNA bending to understand the conformational requirement 

of the DNA and how it is influenced in the case of cognate and non-cognate substrates.  

 

I started by characterizing the binding affinities of FEN1 to cognate DF-substrate and 

several non-cognate substrates using SPR. More importantly, I used SPR to optimize the 

experimental conditions for the smFRET measurements. Activity of FEN1 displayed strong 

sensitivity to salt concentration and pH (Finger et al. 2009). I found that at low salt FEN1 

displayed nonspecific binding to all forms of DNA structures and little preference to its 

cognate DF-6,1 substrate. 100 mM KCl is needed to block FEN1 nonspecific interactions 

with DNA and enhance its extreme selectivity towards its cognate double flap substrate 

(DF-6,1). At optimal buffer conditions, FEN1 bound DF-6,1 substrate with a dissociation 

binding constant (Kd-binding) of ~ 5 nM and with a stoichiometry of 1:1 (figure 3.3-A). This 

Kd-binding is in perfect agreement with the nM range of Km from previously reported bulk 

cleavage assays (Finger et al. 2009) and those reported in our lab (Rashid et al. 2017). 

FEN1 showed a decreased binding affinity to several non-cognate substrates. This include 

SF-6,0 (Kd-binding ~ 244 nM) whose binding displayed a clear faster dissociation rates 

compared to the cognate DF-6,1, demonstrating the critical role of the 3’flap in stabilizing 

DNA binding (figure 3.7-E). SPR also showed an increase in (Kd-binding ~ 275 nM) when the 

5’flap was blocked with biotin/streptavidin groups and a trend of unstable binding to the 

substrate that is similar to SF-6,0 (figure 3.6-G). This demonstrates the critical contribution 

of 5’flap threading into the cap-helical gateway to achieve a stable DNA binding. FEN1 

also displayed selectivity to the length of the 3’flap as shown by the increase in (Kd-binding 

~ 110 nM) upon increasing its length to 2nt (figure 3.8-E). Although not presented in this 

thesis, I also studied several variations in the substrates including removal of the 5’flap, 

introducing mismatch at the base of the 5’flap junction, removal of the metal ions by EDTA 

and mutation in the metal ion binding site in FEN1. Collectively, my SPR binding study 

hint strongly towards a mechanism in which FEN1 display remarkable selectivity to bind 

its cognate substrate while binding significantly weaker to non-cognate substrates. 

Interestingly, all features of the cognate substrate were critical to the binding of FEN1 

including 5’flap, threading 5’flap into the cap-helical gateway, binding to the 3’flap, length 
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of the 3’flap, full base pairing at the ss/ds-DNA junction and presence of active site metal 

ions. These SPR measurements provided complementary information that compares the 

effect of DNA modifications on FEN1 binding versus that on DNA bending measured by 

smFRET. 

 

Using smFRET under the same established conditions in the SPR measurement, we 

found that the DF-6,1 substrate alone exhibits a single FRET state with the time traces 

showing no transitions from this state. This single conformer of the substrate is extensively 

characterized by recent work from lab (Rashid et al. 2017), which showed using confocal-

based FRET that it remains in a single conformer when the temporal resolution was 

increased from 50 millisecond to sub-millisecond and by MD simulation that it forms a 

stable extended conformer as a result of base stacking at the nick junction and between 

the base on the 3’flap and a base on the 5’flap. These MD simulation also showed that 

FEN1 has to overcome ~14 kcal/mole energy barrier to bend DF-6,1.  FEN1 actively bends 

DF-6,1 with a bending dissociation constant (Kd-bending) of ~ 4.6 nM (figure 3.5-A), which is 

in agreement with the nM range of Km from bulk cleavage assays (Finger et al. 2009, 

Rashid et al. 2017) and Kd-binding from SPR. The time traces showed an active transition of 

the DNA substrate from unbent FRET state to the fully bent FRET state upon association 

of FEN1. The perfect agreement between binding and bending and the single transition 

from unbent to bend state suggest that FEN1 is likely to always bend the DNA after it binds 

it. 

 

On non-cognate substrates, we spent significant time investigating the relationship 

between 5’flap threading and DNA bending. 5’flap threading into the cap-helical gateway 

is indispensable for catalysis and is highly controversial concept. The strategy we used 

relied on blocking the 5’flap threading process by immobilizing the end of the 5’flap to the 

surface either before flowing FEN1 (blocked complex) or after pre-incubating the DNA with 

FEN1 (trapped complex). We initially used the flap labeling scheme and a substrate 

containing a hairpin on the 5’flap (Sobhy et al. 2013). These results showed a small shift 

in FRET in the blocked complex and proper FRET in the trapped complex leading to our 
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initial proposition that 5’flap threading is strictly required to induce DNA bending. To rule 

out the possibility that the small shift in FRET detected in the blocked complex resulted 

from having duplex hairpin on the 5’flap, we used a 5’flap composed of ssDNA and showed 

similar results to those observed in the case of the hairpin substrate (figure 3.6-C and D). 

This conclusion however was challenged when we relied on the internal label scheme that 

reports directly on the geometry of the duplex DNA. We found that Kd-bending in the blocked 

substrate was at least 20-fold higher compared to the unblocked substrate (figure 3.6-E). 

Also the FRET time traces in the blocked substrate showed very rapid transitions between 

bent and unbent states compared to the stable bent conformer in the trapped complex 

(figure 3.6-G). The effect on Kd-bending and stability of the DNA interaction is consistent with 

the SPR results. Surprisingly, we observed in the internal labeling scheme a significant 

distortion of the DNA in the blocked complex in contrast to the small shift seen in the case 

of the flap labeling scheme (figure 3.6-C and D). The FRET of the bent state however was 

less than that in the trapped complex. Rashid et al. used confocal-based FRET with freely 

diffusing DNA in solution and obtained similar results of less degree of DNA distortion, 

demonstrating that the difference in FRET between blocked and trapped DNA is not a 

result of the proximity of the 5’flap to the surface in the blocked complex (Rashid et al. 

2017). The significant DNA distortion in the absence of 5’flap threading process leaves 

the exact timing mechanism of 5’flap threading relative to DNA bending once again an 

open question. In one possibility FEN1 would recognize the 5’flap before it binds and 

bends the duplex DNA and in another it might significantly bend the DNA while it threads 

the 5’flap or before it starts threading the 5’flap. Nonetheless, they overall support our 

previous conclusion that 5’flap threading must occur in the initial step of substrate 

recognition (Sobhy et al. 2013). Collectively, these results demonstrate that 5’flap 

threading is not only required for proper DNA distortion but also is indispensable for 

stabilization of the bent DNA conformer. 

 

The structure of FEN1 bound to a DNA missing the 5’flap showed the cap-helical gateway 

fully ordered and can accommodate only ssDNA or ssRNA (Tsutakawa et al. 2011). 

However, biochemical characterization showed that FEN1 can cleave double flap 
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substrates containing modest size bulky groups on the 5’flap or duplex DNA portion so 

long that there is enough ssDNA at the base of the flap junction (Balakrishnan and 

Bambara 2013a). These results together with the unstructured cap-helical gateway in the 

absence of DNA support the unstructured-thread-structure model of the cap-helical 

gateway (Gloor et al. 2010). In subsequent elegant experiment, the Grasby group showed 

that a trapped complex of FEN1 forms a stable complex compare to the blocked one (Patel 

et al. 2012), similar to my results with SPR, demonstrating that the 5’flap must have 

threaded into the cap-helical gateway. Sobhy, et al, Rashid et al and the results presented 

here also provide a strong support for 5’flap threading (Sobhy et al. 2013, Rashid et al. 

2017). We showed previously that FEN1 is able to bend a substrate containing a hairpin 

on the 5’flap. These results demonstrate that FEN1 must have threaded the 5’flap into 

unstructured cap-helical geteway. In another experiment, we showed that FEN1 can’t 

bend the hairpin when there was no ssDNA at the base of the 5’flap junction (Sobhy et al. 

2013). This experiment has been recently repeated in our lab using a more stable hairpin 

with high GC contents to prevent DNA breathing at the base of the junction and confirmed 

these findings. Collectively, these results strongly support the unstructured-thread-

structure model.    

 

Removal of the 3’flap have impaired DNA bending by 25-50 fold relative to DF-6,1 with 

the time traces showing multiple fast transitions between bent and unbent states (figure 

3.7-D). This demonstrates a reduced stability of the bent conformer when the substrate 

misses the 3’flap. These findings are consistent with the SPR measurements that also 

showed increase in Kd-binding with a clear faster dissociation rates compared to the cognate 

DF-6,1 (figure 3.7-E). Collectively, these results indicate that the presence of the 3’flap is 

not a prerequisite for DNA bending but is very important for the stability of DNA binding 

and bending, which explain the previously reported decrease in FEN1 cleavage activity 

by 10-30 folds upon removal of the 3’flap (Finger et al. 2009, Liu et al. 2006). 
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Increasing the length of the 3’flap by only one extra nucleotide have increased Kd-bending 

by at least 10 folds relative to the cognate DF-6,1 (figure 3.8-B). The FRET time traces 

also showed multiple transitions between bent and unbent states. These results are also 

consistent with the observed increase in Kd-binding of DF-6,2 by SPR with the bound FEN1 

dissociating at much faster off rates relative to DF-6,1 (figure 3.8-E). This observation 

confirms the prediction made based on the crystal structure of the FEN1:SF-0,1 complex, 

which indicate that FEN1 could discriminate against a 3’flap that is longer than one 

nucleotide through an acid block overseeing the 3’flap binding pocket (Tsutakawa et al. 

2011). 

 

Overall, the smFRET measurements demonstrated that FEN1 was able to bend both 

cognate and non-cognate substrates consistent with our recent study (Rashid et al. 2017). 

This suggests that DNA bending is encoded by binding at the base of the flap junction. 

This bending mechanism however acts in coordination with 5’flap threading as evident by 

the incomplete DNA bending upon blocking the 5’flap threading process. We propose that 

5’flap threading occurs in the initial steps of substrate recognition before or while the DNA 

is being bent. This threading occurs in unstructured cap-helical gateway as evident by 

FEN1 ability to bend a 5’flap-hairpin-containing double flap substrate. The relationship 

between DNA bending and 5’flap threading with respect to 3’flap recognition has been 

solved in this recent work from our lab. FEN1 engages a pre-formed 3’flap or can actively 

create a 3’flap at the nick junctions of both equilibrated cognate substrate and non-cognate 

substrates, which occurs as a terminal step in the substrate recognition process. Structural 

studies demonstrate that 3’flap binding is sufficient to induce protein ordering without 

requiring the presence of the 5’flap or even the duplex arm that harbors it (Chapados et 

al. 2004). 3’flap-induced protein ordering therefore is proposed to verify if FEN1 bound the 

cognate- or non-cognate-substrates, where it selectively stabilizes the bent conformer in 

the cognate substrate while promoting the dissociation of non-cognate substrates. Our 

results demonstrate an extreme selectivity of FEN1 to the key features of the cognate 

substrate of 5’flap threaded into the cap-helical gateway projecting from a fully paired nick 

junction that also contains a one nucleotide 3’flap. 
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Moving one extra step toward the reconstitution of the maturation of Okazaki fragments 

reaction at the single molecule level, I introduced PCNA to first investigate how PCNA and 

FEN1 interacts with cognate and non-cognate substrates and second to investigate the 

previously reported stimulation of FEN1 cleavage activity on non-cognate flap substrates 

by PCNA (Wu et al. 1996, Jónsson et al. 1998, Bornarth et al. 1999). The purification of 

PCNA proven to be tricky, as clean preparation sometimes was not loaded efficiently by 

RFC. In fact, significant portion of my time was spent on establishing tracking of 

fluorescently labeled PCNA on flow-stretched lambda DNA where I initially noticed this 

problem in loading the purified PCNA. Following stringent fractionation of nearly equally 

pure PCNA fractions and using His-tagged PCNA version along with functional assays 

with Pol δ, we were able to precisely determine the active fractions of PCNA (data not 

shown). Indeed, our established procedure of PCNA purification is currently being used 

along with RFC in the fluorescence tracking of PCNA to study its interactions with FEN1 

and Ligase 1. 

 

Following the same multidisciplinary approach of combining biochemical and biophysical 

tools with the real time observation of single molecule techniques, I started first to probe 

the physical interaction of PCNA with the short constructs used in the smFRET 

experiment. Using DF-6,1 that blocks PCNA loading from the upstream, downstream or 

both up- and down-streams ends of the dsDNA regions, I found that PCNA can’t load or 

even bind onto any of the short DNA constructs (figure 4.4). These results established that 

diffusion of PCNA through the ends of the DNA is highly inefficient process and therefore 

would require the active PCNA-ring opening and closing mechanism by RFC. Next I 

investigated if FEN1 would stimulate PCNA loading on these short constructs. First, I 

established that FEN1 alone was able to bind to the three DNA constructs equally 

demonstrating that blocking DNA ends has no influence on its binding (figure 4.4). In the 

presence of FEN1, PCNA and FEN1 binding is clearly detected on DNA constructs that 

has either the downstream or upstream duplex region of the substrate free but not in case 

when the two duplex ends were blocked (figure 4.4). This demonstrates that any detected 
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binding of PCNA in the presence of FEN1 resulted from its binding to the DNA. 

Interestingly. The maximum response units reached in the case of downstream blockage 

was significantly higher than that in the case of upstream blockage, suggesting that PCNA 

has preference to load on the upstream duplex DNA. Finally, to demonstrate that this 

complex is mediated by direct protein-protein interactions between PCNA and FEN1 

rather than overlapping binding on the DNA, we used ΔC-FEN1 mutant which lacks the 

ability to physically contacting PCNA (Stucki, Jónsson and Hübscher 2001) and showed 

no detectable binding of PCNA in any of the three constructs (figure 4.7). The accumulated 

response units detected when PCNA is injected with FEN1 on the downstream blocked 

substrate is comparable to the theoretically calculated maximum response units for one 

PCNA trimer and one FEN1 molecule per one DNA substrate based on their molecular 

weights ratio. It is established structurally that PCNA binds three molecules of FEN1 

(Sakurai et al. 2005). In our case, FEN1 however is limited by its binding to the surface-

tethered DNA and therefore resulting in 1:1 complex with PCNA. These findings supports 

the previously proposed model of FEN1 loading from the flap junction while PCNA loads 

from the upstream end of the duplex, with both of them meeting at the junction (Wu et al. 

1996). 

 

The SPR measurements established a very clear outcome that we are able to form a 

proper complex of PCNA and FEN1 with both of them simultaneously bound to the DF-

6,1 substrate and that this complex is mediated by protein-protein interactions and have 

directional preference that is relevant to the physiological orientation of these proteins 

during the maturation of Okazaki fragment process. Using these conditions, I next moved 

to observe how this complex cooperate on bending the cognate DF-6,1 using smFRET. I 

first established that PCNA alone doesn’t influence the photo-physics of the donor and 

acceptor (figure 4.5-A). I next identified the optimal concentration of PCNA required to 

stimulate the DNA bending activity of FEN1 and showed that 500 nM would be optimal 

concentration. This is consistent with the previous studies that shows PCNA stimulation 

of FEN1 activity by bulk cleavage assays (Li et al. 1995, Wu et al. 1996). The requirement 

of high concentrations of PCNA is presumably to overcome the diffusion barrier for loading 
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PCNA onto the ends of a short dsDNA. In the presence of 500 nM PCNA, I observed 10-

fold stimulation in Kd-bending when PCNA was allowed to load from the upstream dsDNA 

(figure 4.6-A). Interestingly, no observed stimulation in Kd-bending when PCNA loads from 

the downstream dsDNA (figure 4.6-B). These results show that PCNA stimulates Kd-bending 

of FEN1 with a directional preference to the physiological orientation of PCNA if it would 

have been coming with Pol δ. These results also suggest that if PCNA approaches the 

flap from the downstream dsDNA it would not have any influenced on FEN1 activity. Using 

ΔC-FEN1, I showed that deletion of the C-terminal tail did not alter FEN1 DNA bending 

activity; Kd-bending was comparable to that observed for wild type FEN1. However, PCNA 

was not able to influence the Kd-bending of ΔC-FEN1 (figure 4.7-B). This observation 

provides further stringent control that PCNA is not able to simply bind to the end of the 

DNA and that FEN1 binding to the DNA is indispensable for its loading on short DNA 

constructs. Collectively, both SPR and smFRET measurements confirm that stimulation 

of FEN1 bending activity by PCNA is mediated by protein-protein interaction.  

 

To investigate how PCNA stimulate the cleavage activity of FEN1 while processing non-

cognate DNA substrates, I directly measured the contribution of PCNA to the binding of 

FEN1 to SF-6,0 using SPR. Kd-binding of FEN1 in the presence of PCNA was 54 nM while 

alone it was 244 nM (figure 4.8-B), demonstrating that PCNA stimulates the binding affinity 

of FEN1 to non-cognate substrates. This stimulation in binding also reflected consistent 

stimulation in Kd-bending of at least 10 folds in the smFRET measurements, similar to that 

observed in the case of cognate DF-6,1 (figure 4.9-A), Interestingly, the time traces of 

FEN1 alone on SF-6,0 showed multiple very fast transitions between bent and unbent 

states, in contrast to the case when PCNA is present where the time traces showed much 

slower transitions with markedly much longer lived bent conformer (figure 4.9-B). This 

stabilization of FEN1 interaction with SF-6,0 is consistent with the slower dissociation 

detected in the SPR measurements (figure 4.8-D). This observation suggests that PCNA 

might compensate for the noticed decrease of FEN1 cleavage activity when the 3’flap is 

removed (Finger et al. 2009, Liu et al. 2006). 
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In the case of cognate DF-6,1, it was impossible to conduct dwell time analysis on the time 

traces to determined association and dissociation rate constants since no transitions were 

detected even in the absence of PCNA. The transitions in the case of SF-6,0 therefore 

provided an opportunity to dissect the influence of PCNA on the association and 

dissociation rates. I found that PCNA slows the association rate of FEN1 on SF-6,0 by 6 

folds compare to those reported for FEN1 alone on SF-6,0 (Rashid et al. 2017). This 

suggests that the complex loads on DNA with slower on rate and further support the 

argument that FEN1 and PCNA are loading together rather than FEN1 loading first and 

then recruiting PCNA. Caution however should be take on extrapolating the effect of 

PCNA on the association rate under physiological conditions where PCNA is already pre-

bound to the DNA, but it still remains possible that our reported slower on rate for the 

complex might reflect intrinsic mechanism that coordinate the positioning of FEN1 and 

PCNA on the DNA before FEN1 is able to distort the DNA into a bent conformer. The 

average value of dissociation rate was markedly decreased compared to that in the 

absence of PCNA; the life time of the bent conformer was ~ 1800 ms compared to that 

reported for FEN1 alone of ~ 43 ms (Rashid et al. 2017). The significant increase in the 

life time of the bent state of SF-6,0 in the presence of PCNA suggests that PCNA might 

provide FEN1 with more time to eventually cleave the substrate. 

 

Finally, I characterized the cleavage activity of FEN1 alone and in the presence of PCNA 

to understand how PCNA influence the cleavage activity of FEN1. I used the established 

smFRET cleavage assays that simultaneously monitor DNA bending and 5’flap cleavage 

(figure 4.10). Analysis of FRET efficiency values before cleavage from individual time 

traces showed that FEN1 cleaved DF-6,1 from a fully bent state after staying for a lag time 

~ 167 ms (figure 4.10-D). Comparing the kSTO of FEN1 on cognate DF-6,1 in presence 

and absence of PCNA, showed that addition of PCNA mildly increased the dwell time of 

the bent state prior to cleavage of DF-6,1 (figure 4.12). The precision in cleaving DF-6,1 

is similar for FEN1 alone and in the presence of PCNA as evident by the same behavior 

of cleaving the DNA after the first DNA bending event (figure 4.10). These results 

demonstrate that PCNA doesn’t affect the single turnover catalysis of FEN1 on its cognate 
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DF-6,1 substrate, providing an explanation as to why previous studies reported no 

stimulation on the cleavage activity of FEN1 on the cognate double flap substrate in 

presence of PCNA (Dovrat et al. 2014). 

 

Based on my findings that PCNA is slowing down the fast transitioning between bent and 

unbent states of SF-6,0 by ~ 40 fold, I propose that PCNA is providing an alternative 

mechanism for controlling FEN1 incision of non-cognate substrates. In this mechanism, 

PCNA could allow more time for FEN1 to go through multiple cycles of disorder-to-order 

transitioning to search for a catalytically competent conformation before it commits to DNA 

cleavage. In this mechanism, the kSTO of FEN1 in presence of PCNA would be slower for 

non-cognate substrates, particularly under conditions when the lifetime of the bent 

conformer exceeded that required for cleavage as was observed in the case of SF-6,0 in 

presence of PCNA.  

 

The cleavage dwell time in case of SF-6,0 and DF-6,1 in the presence of PCNA became 

identical while in the absence of PCNA it was slightly faster in the case of SF-6,0 (figure 

4.12). We reasoned the faster dwell time for SF-6,0 in the absence of PCNA due to the 

biasing in catching cleavage events that are shorter lived since the life time of the bent 

state was limiting. Interestingly, in the presence of PCNA we also observed the emergence 

of a new population of a successful cleavage events with a significantly longer dwell times 

of ~ 850ms, which is 4 folds longer than what is required for FEN1 cleavage (figure 4.12-

D). The emergence of this new population suggest that PCNA could enhance the cleavage 

of non-cognate substrate by allowing more time for the FEN1 and DNA to stay in the bent 

conformer. Rashid et al., proposed a model in which FEN1 bends the DNA to interact and 

position itself at the junction, which is followed by a terminal 3’flap-induced protein ordering 

that freezes the conformation of the DNA and the protein for subsequent verification of 

their compatibility with the transition states (Rashid et al. 2017). This logic of DNA bend, 

interact and lock is proposed to provide an auto-inhibition mechanism that restricts FEN1 

to try to cleave the DNA only one time, where in the case of the non-cognate substrate it 

would promote its dissociation. This locking down mechanism is supported by the 
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observation that FEN1 cleaves non-cognate substrates after multiple cycles of DNA 

bending and unbending with the last successful bending event before cleavage having a 

dwell time that is similar to the cognate substrates even under conditions where the 

lifetime of the bent conformer is not limiting for catalysis. These results are consistent with 

my findings in the case of FEN1 alone acting on SF-6,0 and DF-6,1. It is unclear however, 

how FEN1 cleaves in the long lived population within the context of the proposed DNA 

locked down mechanism. One key findings is that we observed several cycles of DNA 

bending without cleavage in SF-6,0 even in the presence of PCNA. Since the lifetime of 

the bent conformer is no longer limiting in the presence of PCNA, and contrary became 8-

fold longer than that required for catalysis, the observed miss-cleavage behavior strongly 

suggests that the DNA-locking mechanism is in play in the presence of PCNA. I propose 

therefore that the cleaved particles after longer lag time are a result of either FEN1 

dissociation and re-associating at rates that are faster than our acquisition time upon one 

cycle of 3’flap induced protein ordering or that FEN1 is able to undergo through multiple 

cycles of 3’flap induced protein ordering. 

 

These findings have fundamental bearing on our thinking on accuracy of flap processing 

inside the cell and also on the regulation of FEN1 and PCNA activity. It is difficult for FEN1 

to sample the same substrate multiple times inside the cell. The ability of FEN1 to 

dissociate from noncognate substrates multiple times before cleaving it by chance 

therefore is only a lower estimate of the accuracy of FEN1 inside the cell and suggests 

that FEN1 perhaps has a perfect precision inside the cell to avoid the cleavage of wrong 

substrates. The situation might be more problematic if FEN1 samples noncognate 

substrates in the presence of PCNA. Our results shows that it is able to avoid the cleavage 

of non-cognate substrate as was observed in the case of FEN1 alone, but in some bending 

events it was able to retain FEN1 long enough to eventually cleave the DNA. We propose 

that PCNA and FEN1 are likely to function within the context of the maturation of Okazaki 

fragment complex and in coordination with the strand displacement activity of Pol δ as 

recently described by the Burger’s group (Stodola and Burgers 2016). This would insure 

that FEN1 and PCNA are not encountering non-cognate substrates outside the context of 



142 
 

the maturation process. In long patch base excision repair, FEN1 works alone in 

coordination with Pol β and likely would not involve PCNA.  
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FUTURE DIRECTIONS 
 

The work in this thesis would contribute strongly to our effort on the systematic 

reconstitution of the maturation of Okazaki fragments process at the single molecule level. 

The next step on this project would be to investigate the communication between PCNA 

and Ligase 1 on the double flap substrate and on the nicked junction product. The aim 

from this would be to investigate how kinetically different is the binding of Ligase 1 and 

FEN1 to the double flap substrate and the nicked product. This would be followed with 

experiments that investigate the competition between FEN1 and Ligase 1 to the double 

flap and the nicked product aiming to understand if PCNA regulates the access of FEN1 

and Ligase 1 to their substrates in a kinetic way or if there is a direct hand off mechanism 

of the nicked product from FEN1 to Ligase 1. These future directions would allow us to 

start to interrogate the propositions of FEN1 and Ligase 1 acting either in sequential or 

tool built mechanisms (Dovrat et al. 2014). To directly, investigate these two mechanisms, 

I contributed to the fluorescence labeling of PCNA, its loading on flow stretched lambda 

DNA by RFC and the calculation of its diffusion coefficient. A new PhD student in our lab 

succeeded to fluorescently label FEN1 and is currently working on assembling complexes 

of PCNA and both FEN1 and Ligase 1 with the aim of seeing if they migrates together as 

a complex and what happen to this complex when it encounters double flap substrate or 

nicked product. I also contributed to the cloning of Pol δ which was recently purified in our 

lab in an active form. It would be critical to investigate the communication of Pol δ and 

PCNA using both smFRET on short substrates and fluorescence tracking on flow 

stretched lambda DNA, and at later stage add FEN1 alone, Ligase 1 alone and both. 

 

At the mechanism of 5’-nucleases front, it is critical to establish the conformational states 

of other DNA substrates and to investigate if they are actively being distorted by these 

nucleases as in the case of FEN1. It is also critical to investigate if they share the same 

mechanism as FEN1 with respect to assembling active site by a DNA-induced protein 

ordering and how this influences the accuracy of these nucleases. In these directions, our 

lab is currently characterizing three nucleases from this superfamily: GEN1, EXO1 and 
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XPG. Finally, it would be critical to understand how these nucleases function within the 

context of their biologically relevant complexes. For example how FEN1 function within 

the context of Ligase 1 and Pol δ and how it function with Pol β in long patch base excision 

repair? 
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