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ABSTRACT 

High Temporal Resolution DNA-Flap Endonuclease 1 Single Molecule 

Interaction 

Paul D Harris 

 

Numerous short flapped DNA structures are created during the semi-discontinuous 

replication. These toxic intermediates are quickly resolved to produce a fully intact 

duplex of replicated DNA. Structure specific nuclease are key to resolving these 

structures, and show a high degree of specificity for their cognate substrate structures 

while being essentially insensitive to nucleotide sequence. Herein I demonstrate through 

confocal based single molecule experiments that the 5’ structure specific nuclease Flap 

Endonuclease 1 (FEN1) achieves its substrate specificity by coupling the bending of 

DNA substrate with structuring of the active site in a way that non-cognate structures 

binding is significantly destabilized and enzymatic features are incapable of structuring in 

the absence of particular substrate features, in particular a single nucleotide 3’ flap the 

FEN1 induces in nearly all DNA substrates. Debate remained over whether DNA was 

bound via a conformational capture or induced fit mechanism, and so I proceed to 

investigate the dynamics of the DNA itself in solution. Conclusions about conformational 

capture or induced fit remain elusive, however I did determine that DNA structures are 

rigidified by charge repulsion, an effect lessened by the salt concentration, which 

functions to shield the negative charge of DNA from itself. Additionally unstacking of 

the DNA in nicked structures incurs a significant free energy penalty, which FEN1 
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overcomes by its hydrophobic wedge motif, lending credence to an induced fit 

mechanism. 
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column (E-G) Sample timetraces showing learning of data acquisition conditions. (E) 

continuous wave 300μW or greater excitation with very high substrate concentration, 

note high background, large burst size, and overlapping bursts. (F) 300μW PIE 

excitation, note high background, and sparser bursts, but still somewhat overlapping (G) 

final observation conditions 100μW PIE excitation, note lower concentration of bursts, 

lower background, and overall smaller burst peak count rate .......................................... 93 

Figure 3.1 Immobilized confocal data of DNA alone, demonstrating single state behavior. 

Example of condition including FEN1WT included to demonstrate multistate behavior as 

contrast A) Single molecule traces of DF6-1, SF6,0, and SF6,0 with 100nM FEN1 WT. 

B) Histograms of FRET for all traces from which the afore mentioned traces were taken

........................................................................................................................................... 96 

Figure 3.2 Confocal diffusion based FRET E% values demonstrate FEN1 actively 

sculpting DNA substrate.  E values demonstrate that EQ DF6,1 exists nearly entirely 

within a single flap conformation in solution while FEN1 binds it in the double flap 

conformation. SF6,............................................................................................................ 98 

Figure 3.3 All histograms used for defining FRET E of bent and unbent states in 

preceding Figure 3.2. Histograms were fit with Gaussians distributions to get mean. 

Uncertainties correspond to the error of the fit. ................................................................ 99 

Figure 3.4 Effects of non-canonical structures and mutations on FEN1 binding. A) KD-

bending of substrates based on diffusion based FRET histograms B) Bent peak centers of 

substrates, note this is a different alignment from previous figure. Centers reflect 

configuration of DNA in bent state. C) Diagram of R47 interaction with R128 and 3’ 

DNA base D) Diagram describing difference between blocked and trapped substrates. 

When DNA flap is blocked by addition of neutravidin first, FEN1 is still able to bind the 

DNA duplex, but cannot thread the 5’flap, while when FEN1 is added before neutravidin, 

the threaded 5’ flap is then trapped on the FEN1 by the neutravidin ............................. 104 

Figure 3.5 FEN1 bending rates A) koff-bending rates accessed by immobilized confocal 

imaging B) kon-bending rates accessed by immobilized confocal imaging. Note how koff-

bending varies much more compared to kon-bending, indicating that it is destabilization of the 

bound state and not slower binding that drives the values of KD-bending .......................... 108 

Figure 3.6 Fitting and diffusion based burst histograms used for KD-bending determination, 

top row represents KD fitting using Hill fit, histograms bellow are raw histograms with 

Gaussian fittings used to determine the bent ratio (area of bent Gaussian divided by total 

area excluding Donor only state) A) FEN1-WT DF-6,1, B) FEN1WT SF-6,0 C) FEN1-

R47A DF-6,1................................................................................................................... 110 

Figure 3.7 Fitting and diffusion based burst histograms used for KD-bending determination 

for Blocked threading DNA (A and B) top row represents KD fitting using Hill fit, 

histograms bellow are raw histograms with Gaussian fittings used to determine the bent 

ratio (area of bent Gaussian divided by total area excluding Donor only state) A) FEN1-T 

DF-30,1Blocked , B) FEN1R47A DF-30,1 C) Results for Blocked SF-30,0Blocked Top, bent 
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fractions for two conditions tested, 1000nM FEN1-WT, and 3000nM FEN1-R47A. 

Bottom, histograms of tested conditions D) Histogram of trapped substrate showing 

FEN1-WT binds trapped substrate at similar KD-bending to NonEQ DF6,1 ...................... 111 

Figure 3.8 Fitting and diffusion based burst histograms used for KD-bending determination, 

top row represents KD fitting using Hill fit, histograms bellow are raw histograms with 

Gaussian fittings used to determine the bent ratio (area of bent Gaussian divided by total 

area excluding Donor only state) A) FEN1-WT EQ DF-6,1shift, B) FEN1R47A EQ DF-

6,1shift C) FEN1-R47A DF-6,1 ........................................................................................ 112 

Figure 3.9 Determination of koff-bending and kon-bending for FEN1-WT on Blocked DF-30,1  

A) Dependence of koff-bending and kon-bending with FEN1-WT concentration, with fittings. B) 

Exponential decay fits to dwell times determined by HAMMY from SM traces. ......... 113 

Figure 3.10 Determination of koff-bending and kon-bending for FEN1-WT on SF-6,0  A) 

Dependence of koff-bending and kon-bending with FEN1-WT concentration, with fittings. B) 

Exponential decay fits to dwell times determined by HAMMY from SM traces. ......... 114 

Figure 3.11 Determination of koff-bending and kon-bending for FEN1-WT on Blocked SF-30,0  

A) Dependence of koff-bending and kon-bending with FEN1-WT concentration, with fittings. 

For kon-bending intercept was fixed at 0 B) Exponential decay fits to dwell times determined 

by HAMMY from SM traces. ......................................................................................... 115 

Figure 3.12 Determination of koff-bending and kon-bending for FEN1-WT on Blocked SF-30,0  

A) Dependence of koff-bending and kon-bending with FEN1-WT concentration, with fittings. 

For kon-bending intercept was fixed 0 B) Exponential decay fits to dwell times determined 

by HAMMY from SM traces. ......................................................................................... 116 

Figure 3.13 Dwell time analysis of FEN1-R47A mutant with DF6,1 DNA, left column 

shows dwell time distribution in the bent state, while the right shows the distribution in 

the unbent state. This is used to calculate τ, the inverse of which is the k off and on rates. 

All histograms fit with a single exponential decay. As noted, this condition behaved 

oddly, where the τon-bending increased with increasing concentration. This was likely an 

experimental error, perhaps due to protein degradation or adhesion to flow cell reducing 

its actual concentration in solution during the higher concentration experiment ........... 117 

Figure 3.14 Model for control of catalytic selectivity of the DNA by mutual 

conformational changes in DNA and FEN1. DNA sculpting bends a variety of DNA 

structures containing a break in one of the duplex strands to confirm key features of the 

cognate substrate, namely the 3’ flap bound in the 3’ binding pocket, a ssDNA 5’ flap 

threaded in the helical gateway, and a fully paired duplex. Protein ordering induces the 

pulling of the 3’ flap into the binding pocket, a step in which DNA is locked down and 

the future course of the binding event is set, the “decision” step. Non-cognate substrates 

will almost exclusively proceed towards a misformed active site, due to desalination of 

the duplex or other missing feature, while cognate double flap substrates will proceed 

almost exclusively towards the properly formed active site, resulting in incision and 

relates of products. .......................................................................................................... 118 
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Figure 4.1 Diagrammatic sketch of substrate structures examined in H2MM study. 

Number of intervening nucleotides between junction and fluorophores is reduced for 

clarity. Green and red stars indicate position of donor (Atto532) and acceptor (Atto647N) 

respectively ..................................................................................................................... 126 

Figure 4.2 Mean proximity ratio plotted against MgCl2 concentration for a) Nick b) 1 

nucleotide gap c) 2 nucleotide gap d) 2 nucleotide abasic gap and e) duplex substrates. 

Closed squares were at 10mM KCl, while open circles contained 100mM KCl. .......... 128 

Figure 4.3 A) Summary of mean proximity ratios compared to MgCl2 concentration. Left 

panel is measured at 10mM KCl while right panel at 100mM KCl. B) Comparison of the 

standard deviation of PR of all bursts in a given measurement compared with the mean 

proximity ratio, semicircle fit to duplex DNA proximity ratio to indicate predicted 

standard deviation for a given proximity ratio. C) Comparison of standard deviation of 

proximity ratio compared to MgCl2 concentration. In all panels, black represents nick 

substrate, red represents one nucleotide gap substrate, olive represents two nucleotide gap 

substrate, blue represents two nucleotide abasic gap substrate, and magenta represents 

duplex substrate .............................................................................................................. 131 

Figure 4.4 BVA analysis of all substrates (rows) and all conditions used (columns) 

ranging from 0.1mM to 10mM MgCl2, and 10mM to 100mM KCl, all experiments done 

with 50mM HEPES pH 7.5, 2mM Trolox and 2mM DTT ............................................. 133 

Figure 4.5 Comparison of mean proximity ratio (open square), dotted line) and proximity 

ratio defined by single state H2MM fitting (filled square, solid line). All substrates plotted 

against MgCl2 concentration. Left column measured at 10mM KCl, right column 

measured at 100mM KCl. Top row (black) nick substrate, second row (red) one 

nucleotide gap substrate, third row (olive) two nucleotide gap substrate, fourth row (blue) 

two nucleotide abasic gap substrate, bottom row (magenta) duplex substrate ............... 135 

Figure 4.6 Modified BIC results. A) Comparison of BIC' with number of states in H2MM 

model. Blue line indicates BIC’=0.005 threshold, the fewest state model with a BIC’ 

bellow this line is considered the most likely model. B) Two state BIC’ compared to 

MgCl2 concentration, black horizontal line at BIC’=0.005 again shows threshold for most 

likely model. Substrates are color coded, black for nick, red for one nucleotide gap, olive 

for two nucleotide gap, blue for two nucleotide abasic gap, and magenta for duplex. ... 136 

Figure 4.7 Results of H2MM processing for Duplex substrate. Left column (A,C,E,G) for 

proximity ratios of the states, (solid lines, mean proximity ratio included with open 

symbols and dotted lines for reference. Right column (E,D,F,H) shows transition rates for 

the same model, transition rates lower than 0.1s-1 not displayed. Top two rows (A-D) are 

fitted with two state model, while bottom two rows (E-H) are same data sets, but fit with 

three state model. In each set of fittings, top rows (A,B, and E,F) are obtained under 

10mM KCl, while bottom rows (C,D G,H) are obtained under 100mM KCl. For 

transition rates, two state models (B,D) black squares are the transition rate from the low 

to high transition rate, and red circle are the reverse, high to low transition rate. For the 
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three state models (F,H) Colors correspond to state before the transition, and shapes 

represent the state after the transition. Black/triangle for donor only state (DO), 

Red/square for near mean PR state, and Blue/circle for high PR state. All data sets 

obtained with 50mM HEPES pH 7.5, 2mM Trolox and 2mM DTT .............................. 139 

Figure 4.8 Results of H2MM processing for Nick substrates. All acquisition, and solvent 

conditions are identical to those for Duplex, see Figure 4.7 caption for details, figure also 

follows the same organizational format .......................................................................... 142 

Figure 4.9 Results of H2MM processing for one nucleotide gap substrate. All acquisition, 

and solvent conditions are identical to those for Duplex, see Figure 4.7 caption for 

details, figure also follows the same organizational format ........................................... 145 

Figure 4.10 Results of H2MM processing for Two nucleotide gap substrate. All 

acquisition, and solvent conditions are identical to those for Duplex, see Figure 4.7 

caption for details, figure also follows the same organizational format ......................... 148 

Figure 4.11 Results of H2MM processing for two nucleotide Abasic gap substrate. All 

acquisition, and solvent conditions are identical to those for Duplex, see Figure 4.7 

caption for details, figure also follows the same organizational format ......................... 149 

Figure 5.1 Silicon device blueprints, black color represents first mask, olive represents 

through wafer holes. A) Schematic of single 10μm straight exit channel. All following 

Schematics are expansions of regions of this schematic. B) Schematic of filter inlet/outlet 

region C) Schematic of resistor and mixing region D) Schematic of mixing point E) 

Schematic of pre-mixer filters ........................................................................................ 155 

Figure 5.2 PDMS device blueprints. A) Schematic of entire wafer, all subsequent 

schematics are expansions of regions of this schematic. B) Schematic of single mixing 

device C) Schematic of filtered inlet/outlet pads D) Schematic of mixing region ......... 156 

Figure 5.3 SEM images of etched silicon wafers. A) Example of wafer with ideal etching 

conditions; top left: overall device architecture; top right: inlet filter; bottom left: mixing 

region; bottom right: filter pillars B) Example of properly etched silicon mold for PDMS 

devices, top left: overall device architecture, top left: mixing region with measurements, 

bottom right: same as top left, but without measurements, bottom right: filter inlet. C) 

Example of undercutting during etching for silicon based device, top left: overall device 

architecture, note damage in upper corner; top left: filter posts, note how undercutting 

results in narrow connection of posts to basal silicon, resulting in some posts breaking 

and falling over; bottom left, another differently undercut silicon device, focus on mixing 

region, note overhangs of walls where channels join; bottom left: undercut filter posts, 

and poorly developed photoresist. D) Damage as a result of ashing on silicon based 

device; top left: overall device architecture; top right: mixing region; bottom left: filter 

inlet; bottom right: bend around resistor ......................................................................... 159 

Figure 5.4 Blueprint designs for silicon and PDMS device holders, and baseplates...... 170 

file:///C:/Users/harrisp/Dropbox/Thesis-Dissertation-Paul-nocoments-rev4.docx%23_Toc46134994
file:///C:/Users/harrisp/Dropbox/Thesis-Dissertation-Paul-nocoments-rev4.docx%23_Toc46134994
file:///C:/Users/harrisp/Dropbox/Thesis-Dissertation-Paul-nocoments-rev4.docx%23_Toc46134994
file:///C:/Users/harrisp/Dropbox/Thesis-Dissertation-Paul-nocoments-rev4.docx%23_Toc46134994
file:///C:/Users/harrisp/Dropbox/Thesis-Dissertation-Paul-nocoments-rev4.docx%23_Toc46134995
file:///C:/Users/harrisp/Dropbox/Thesis-Dissertation-Paul-nocoments-rev4.docx%23_Toc46134995
file:///C:/Users/harrisp/Dropbox/Thesis-Dissertation-Paul-nocoments-rev4.docx%23_Toc46134995
file:///C:/Users/harrisp/Dropbox/Thesis-Dissertation-Paul-nocoments-rev4.docx%23_Toc46134996
file:///C:/Users/harrisp/Dropbox/Thesis-Dissertation-Paul-nocoments-rev4.docx%23_Toc46134996
file:///C:/Users/harrisp/Dropbox/Thesis-Dissertation-Paul-nocoments-rev4.docx%23_Toc46134996
file:///C:/Users/harrisp/Dropbox/Thesis-Dissertation-Paul-nocoments-rev4.docx%23_Toc46134997
file:///C:/Users/harrisp/Dropbox/Thesis-Dissertation-Paul-nocoments-rev4.docx%23_Toc46134997
file:///C:/Users/harrisp/Dropbox/Thesis-Dissertation-Paul-nocoments-rev4.docx%23_Toc46134997
file:///C:/Users/harrisp/Dropbox/Thesis-Dissertation-Paul-nocoments-rev4.docx%23_Toc46134998
file:///C:/Users/harrisp/Dropbox/Thesis-Dissertation-Paul-nocoments-rev4.docx%23_Toc46134998
file:///C:/Users/harrisp/Dropbox/Thesis-Dissertation-Paul-nocoments-rev4.docx%23_Toc46134998
file:///C:/Users/harrisp/Dropbox/Thesis-Dissertation-Paul-nocoments-rev4.docx%23_Toc46134999
file:///C:/Users/harrisp/Dropbox/Thesis-Dissertation-Paul-nocoments-rev4.docx%23_Toc46134999
file:///C:/Users/harrisp/Dropbox/Thesis-Dissertation-Paul-nocoments-rev4.docx%23_Toc46134999
file:///C:/Users/harrisp/Dropbox/Thesis-Dissertation-Paul-nocoments-rev4.docx%23_Toc46134999
file:///C:/Users/harrisp/Dropbox/Thesis-Dissertation-Paul-nocoments-rev4.docx%23_Toc46134999
file:///C:/Users/harrisp/Dropbox/Thesis-Dissertation-Paul-nocoments-rev4.docx%23_Toc46135000
file:///C:/Users/harrisp/Dropbox/Thesis-Dissertation-Paul-nocoments-rev4.docx%23_Toc46135000
file:///C:/Users/harrisp/Dropbox/Thesis-Dissertation-Paul-nocoments-rev4.docx%23_Toc46135000
file:///C:/Users/harrisp/Dropbox/Thesis-Dissertation-Paul-nocoments-rev4.docx%23_Toc46135001
file:///C:/Users/harrisp/Dropbox/Thesis-Dissertation-Paul-nocoments-rev4.docx%23_Toc46135001
file:///C:/Users/harrisp/Dropbox/Thesis-Dissertation-Paul-nocoments-rev4.docx%23_Toc46135001
file:///C:/Users/harrisp/Dropbox/Thesis-Dissertation-Paul-nocoments-rev4.docx%23_Toc46135001
file:///C:/Users/harrisp/Dropbox/Thesis-Dissertation-Paul-nocoments-rev4.docx%23_Toc46135001
file:///C:/Users/harrisp/Dropbox/Thesis-Dissertation-Paul-nocoments-rev4.docx%23_Toc46135001
file:///C:/Users/harrisp/Dropbox/Thesis-Dissertation-Paul-nocoments-rev4.docx%23_Toc46135001
file:///C:/Users/harrisp/Dropbox/Thesis-Dissertation-Paul-nocoments-rev4.docx%23_Toc46135001
file:///C:/Users/harrisp/Dropbox/Thesis-Dissertation-Paul-nocoments-rev4.docx%23_Toc46135001
file:///C:/Users/harrisp/Dropbox/Thesis-Dissertation-Paul-nocoments-rev4.docx%23_Toc46135001
file:///C:/Users/harrisp/Dropbox/Thesis-Dissertation-Paul-nocoments-rev4.docx%23_Toc46135001
file:///C:/Users/harrisp/Dropbox/Thesis-Dissertation-Paul-nocoments-rev4.docx%23_Toc46135001
file:///C:/Users/harrisp/Dropbox/Thesis-Dissertation-Paul-nocoments-rev4.docx%23_Toc46135001


18 
 

Figure 5.5 Concentration profiles in Comsol simulations. A) Mixing with a non-undercut 

silicon device. B) Concentration profile slices of silicon device with undercutting 

showing z partitioning C) PDMS device mixing ............................................................ 174 

Figure 6.1 Demonstration of discriminating FRET from direct excitation by time gated 

detection. A) FLIM image (donor and acceptor channels combined) greyscale 

representing total photon count per pixel and color indicating fluorescence lifetime. Red 

(longer lifetime) spots are quantum dots, green results from direct excitation. B) Signal to 

noise ratio defined by ratio of peak intensity to average photon count per pixel at 

different time gates. Note how acceptor SNR increases with increasing time gate as direct 

excitation is removed, while SNR decreases C-E) Left column: acceptor channel images, 

middle column: donor channel image, right column: donor and acceptor profile along the 

x dimension of two quantum dots undergoing FRET ..................................................... 183 

 
 

 

 

 

 

 

 

 

 

 

 
  

file:///C:/Users/harrisp/Dropbox/Thesis-Dissertation-Paul-nocoments-rev4.docx%23_Toc46135003
file:///C:/Users/harrisp/Dropbox/Thesis-Dissertation-Paul-nocoments-rev4.docx%23_Toc46135003
file:///C:/Users/harrisp/Dropbox/Thesis-Dissertation-Paul-nocoments-rev4.docx%23_Toc46135003
file:///C:/Users/harrisp/Dropbox/Thesis-Dissertation-Paul-nocoments-rev4.docx%23_Toc46135004
file:///C:/Users/harrisp/Dropbox/Thesis-Dissertation-Paul-nocoments-rev4.docx%23_Toc46135004
file:///C:/Users/harrisp/Dropbox/Thesis-Dissertation-Paul-nocoments-rev4.docx%23_Toc46135004
file:///C:/Users/harrisp/Dropbox/Thesis-Dissertation-Paul-nocoments-rev4.docx%23_Toc46135004
file:///C:/Users/harrisp/Dropbox/Thesis-Dissertation-Paul-nocoments-rev4.docx%23_Toc46135004
file:///C:/Users/harrisp/Dropbox/Thesis-Dissertation-Paul-nocoments-rev4.docx%23_Toc46135004
file:///C:/Users/harrisp/Dropbox/Thesis-Dissertation-Paul-nocoments-rev4.docx%23_Toc46135004
file:///C:/Users/harrisp/Dropbox/Thesis-Dissertation-Paul-nocoments-rev4.docx%23_Toc46135004
file:///C:/Users/harrisp/Dropbox/Thesis-Dissertation-Paul-nocoments-rev4.docx%23_Toc46135004


19 
 

LIST OF TABLES 

Table 1.1Dinucleotide stacking energies (kcal mol-1) from experiment and calculation 30 

Table 2.1 Initial values used for H2MM optimization, time resolution 20MHz ............... 89 

Table 2.2 Summary of potential issues, causes and solutions encountered in diffustion 

based FRET ....................................................................................................................... 92 

Table 6.1 Oligonucleotide sequences used in for Qdot Liftetime FRET experiments ... 180 

Table A.1 Table of sequences of all synthetic oligonucleotides used in this thesis, 

sequences in this table are reported such that they can be used for ordering from 

integrated DNA technologies .......................................................................................... 205 

Table A.2 Oligo composition of substrates used in this study ........................................ 206 
  

 

 

 

 

 

 

 

 

 

 

 

  



20 
 

Chapter 1  Introduction 

Proteins and DNA are the two most diverse biomolecules, giant polymers whose 

sequences are of paramount importance to life. The importance of DNA comes from its 

function in carrying the genetic code, while proteins are the workhorses of the cell. With 

RNA functioning as a mediator in what has been called the central dogma of biology.1  

While the flow of information is from DNA to RNA to protein, and inheritance 

communicates information from DNA to DNA, every step of this process of information 

transfer requires proteins like DNA polymerases, RNA polymerases, nucleases, and 

helicases serving as catalysts.2 Their function in catalysis is fundamentally connected to 

the molecular dynamics imparted by their specific sequences, and their interaction with 

the less variable, but still flexible and dynamic nature of DNA. In this thesis, I bring 

together several key strains of research: the function of conformation and dynamic 

structures in proteins, of which I focus on the nuclease FEN1, the dynamics of DNA, and 

single molecule(SM) methodology. 

 

1.1 Order and Disorder 

Over time the significance of the flexibility and dynamic nature of proteins has become 

more and more appreciated. Early hypotheses nearly all considered biomolecules as rigid 

and non-dynamic structures. The lock and key model of catalysis said that enzyme and 

substrate were perfectly complementary to each other in shape, fitting together as a lock 

and key, and conformational changes were not considered.3 Not long after the lock and 

key model was proposed, Michaelis and Menten worked out a basic theory of enzymatic 
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kinetics.4 The most basic model assumes a simple equilibrium is established between the 

substrate S, and the enzyme E, and that from this complex, the product is produced.  

 
𝐸 + 𝑆

𝑘𝑜𝑛

↔
𝑘𝑜𝑓𝑓

𝐸 ∙ 𝑆

 

→
𝑘𝑐𝑎𝑡

𝐸 + 𝑃 

𝑣 = 𝑘𝑐𝑎𝑡[𝐸]0

[𝑆]

𝐾𝑀 + [𝑆]
 

(1) 

Where KM= koff+kcat/kon in the above equation. Thus, the first step of the reaction is 

assumed to be bimolecular.  

As more enzymatic research was conducted the lock and key model gave way to the 

induced fit model.3 It became clear that the flexibility of substrates for certain proteins, in 

particular during translation in protein synthesis, required a more complex and dynamic 

system than permitted in the lock and key model. It was understood that conformational 

changes need to stabilize the transition state, and not necessarily product or even 

substrate complexes, in order to encourage product release.5 In parallel, understanding of 

protein folding helped shape our picture of molecular dynamics. Anfinsen observed that 

some small proteins could be denatured and refolded spontaneously.6,7 But Levinthal 

realized the vastness of combinations of φ and ψ values for each peptide bond in the 

peptide, prevents proteins from sampling all these conformations at random, and thus 

they must fold along a much more limited pathway,8 with potential for off-pathway 

intermediates to become a hinderance.9 This has become known as the Levinthal 

paradox.10 Essential to this idea is that of a folding funnel, where from the unfolded state 

the protein must be funneled through a set of lower energy states with varying degrees of 

dimensionality, down to the final folded configuration, or set of conformations that 



22 
 

interconvert at thermal energies.11 Our understanding of these events remains in flux. 

Folding traps, as well as overall speed and the order in which features appear have all be 

investigated and continue to be elucidated.12–15  

As the appreciation for the flexibility of protein structure became more appreciated, 

another hypothesis and a deeper understanding of induced fit hypothesis emerged.16 

Proteins are now understood to occupy a multiplicity of conformations, though still a 

small subset of the “possible conformations” by envisioned by Levinthal.11,17 So long as 

the barrier between these combinations is low, below relative to the thermal energy of 

kbT, (approximately 0.6kcal mol-1 at 25°C) these conformations will interconvert 

rapidly.16 However, especially in the early period of this research, techniques were not 

available to observe the precise diversity of these ensembles. In this paradigm of a 

conformational ensemble, induced fit indicates that an incoming ligand will first 

encounter the protein, and then, with the new free energy landscape created by the 

newcomer, both protein and ligand conformations shift into the induced fit conformation, 

an analogue of which was not thermally accessible prior to both encountering one 

another. An alternative is also possible though, which has become known as 

conformational selection, which indicates that binding only occurs after protein, 

substrate, or both have undergone a fluctuation to a state approximating the bound 

conformation.16,18 Figure 1.1 provides a diagrammatic descriptions. It should also be 

understood that conformational selection and induced fit form more of a spectrum than a 

dichotomy, and each protein may employ one, the other, or a mixture in its function. 
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Crystal structures provide critical but fundamentally incomplete information. As they 

present a singular structure for the biochemist to observe, and electron density of 

dynamic regions does not appear.16 

Newer techniques however are beginning to aid in addressing this bias, such as nuclear 

magnetic resonance (NMR)19–23 and single molecule (SM) Förster resonance energy 

transfer (FRET), (when brought together referred to as smFRET) based work.24–26 But 

Figure 1.1 Induced Fit vs Conformational selection kinetics comparison. L and P are 

ligand and protein in the open conformation respectively. P* represents the protein in its 

closed conformation. In the induced fit mechanism, protein and ligand form a complex 

prior to protein shifting into the closed conformation, while in the induced fit mechanism, 

an equilibrium exists between the open and bound conformations prior to ligand 

encounter, and only when the ligand encounters a protein in the closed conformation does 

binding take place. 

P*

L

L L

LP

P*

P
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even these still present limits on the degree of flexibility they are capable of elucidating. 

The importance of highly dynamic regions of proteins, as well as entire proteins which 

are, at least in certain cellular contexts entirely lacking in defined secondary structure, 

called intrinsically disordered proteins is becoming clearer and clearer as research 

continues.23,27 

1.1.1 Kinetics of Induced fit vs Conformation Selection 

The first evidence for the importance of conformation in protein function came from low 

temperature photo-dissociation kinetics experiments. This came with photodissociation 

experiments on myoglobin. When cooled below 300K, the reassociation rate of carbon 

monoxide or dioxygen ligands complex and non-exponential. Bellow 180K, the rate was 

still nonexponential, but indicative of a single process. Finally, multiple flash 

experiments at low temperature showed a saturation behavior indicating not all 

dissociated ligands were able to rebind, thus indicating the presence of multiple 

conformations, only some of which were capable of rebinding.28,29 

Later, fluorescence of substrate analogues was used to more directly test conformational 

selection and define a kinetic models used to distinguish conformational selection and 

induced fit.30,31 As shown in Figure 1.1 the extremes of conformational selection and 

induced fit create different kinetic profiles.18,30,32  

Examining Figure 1.1, which notably shows binding but not catalysis, we see that under 

conformational selection, an equilibrium between P and P* is formed first, with kf
CS and 

kr
CS representing the transition rates to P* and to P respectively, the ligand L will only 

bind to P*, with a rate of kon
CS[L], and reverse rate of koff

CS. This results in a rate constant 

described by the following equation:30 
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Conformational selection: 
𝑘𝑏𝑖𝑛𝑑

𝐶𝑆 = 𝑘𝑓
𝐶𝑆 + 𝑘𝑟

𝐶𝑆
𝑘𝑜𝑓𝑓

𝐶𝑆 𝑘𝑜𝑛
𝐶𝑆⁄

𝑘𝑜𝑓𝑓
𝐶𝑆

𝑘𝑜𝑛
𝐶𝑆⁄ + [𝐿]

 
(2) 

While for an induced fit mechanism, the binding event occurs first, with forward and 

reverse rates of kon
IF[L] and koff

IF respectively, and then the conformational change 

occurs, with forward and reverse rates of kf
IF and kr

IF respectively. Resulting in the 

following rate equation:30 

Induced Fit: 
𝑘𝑏𝑖𝑛𝑑

𝐼𝐹 = 𝑘𝑟
𝐼𝐹 + 𝑘𝑓

𝐼𝐹
[𝐿]

𝑘𝑜𝑓𝑓
𝐼𝐹

𝑘𝑜𝑛
𝐼𝐹⁄ + [𝐿]

 
(3) 

 

Notice that induced fit has a positive correlation between kbind and ligand concentration 

(equation 3), while conformational selection behaves in the opposite manner (equation 2). 

It should be noted that in conformational selection, the equilibria of the enzyme has a 

greater effect on the rate compared to induced fit.30   

1.2 DNA Structure 

DNA, as a biopolymer will obey the same fundamental principles as proteins, but its 

distinct composition gives it distinct properties. According to Watson and Crick the B-

form of DNA is an antiparallel right handed double helix. The dexoyriboses and 

phosphates alternate with each other to form two strands wrapping around each other, 

with the orientation of the deoxyriboses reversed or antiparallel between the strands. The 

nucleobases point inwards, forming the classic adenine(A)/thimine(T) or 

guanine(G)/cytosine(C) purine/pyrimidine basepairs.33,34 Diekmann set out to precisely 

define DNA configuration by establishing a set of angles that relate one base pair to 
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another. These consist of three angles and three distances. The angles are rise, tilt, and 

roll, and the distances are rise, shift, and slide (see Figure 1.).35 Within a base pair, an 

additional set of three angles and three distances define the relationship the two bases 

within a base pair share with each other. While so many coordinates are required to 

precisely define the configuration of a given dinucleotide sequence, these values usually 

fall within a very narrow range, and many of them become essentially irrelevant or 

coupled with each other such that much simpler descriptions suffice. For instance, 

Watson and Crick’s initial paper (while not using the same terminology) defined the twist 

angle to be 36° and the rise to be 3.4Å based on crystal structures. Later works showed 

that this could be considered only the ideal, or average, and that in fact, dependent on 

sequence, the twist can vary from 32° to 45°.36 Similarly, the rise was found to vary from 

Figure 1.2 Diagrammatic definition of DNA dinucleotide parameters of rise, shift, slide, 

roll, twist a tilt 
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roughly 3.3 to 3.5Å, and roll from -9° to 5°.37 All of this work used crystal structures, and 

at least two groups have characterized these parameters for all ten possible dinucleotide 

steps of DNA.36,38  

The question then arises, what are the factors that define and restrict the configuration of 

DNA, the backbone, which is invariant to sequence, places significant restrictions the 

twist angle and rise.39,40 With rise being further restricted by strong favoritism towards 

base stacking.39 It is the various hydrophobic, steric and π-π stacking interactions then 

that dominate the flexibility and ultimate configuration of the DNA in the absence of 

protein.41 Early ab initio computational models were found to be poorly predictive,36,42 

newer calculations however, have been found to be more reliable, and generally put the 

stacking energy close to 16 kcal mol-1, relative to vacuum.41,43,44   

As this work relied heavily on crystal structures questions remain regarding how DNA 

might distort from these parameters in solution, as well as how flexible the duplex is in 

solution. Early work based on birefringence and light scattering of DNA digest fragments 

of various sizes found that DNA’s hydrodynamic radius scaled well with a rise of 3.4Å 

per base pair for DNA fragments shorter than 104 base pairs.45 At longer scales, the 

hydrodynamic radius failed to scale well with nucleotide length, which the authors 

attribute to the flexibility of DNA allowing it to bend thus decreasing its end to end 

length. Fitting the fall in apparent length to number of basepairs they concluded a 

persistence length of 45nm.45 This is close to the persistence length of 50nm found based 

on elastic deformation,46 but biologically, there is both evidence for much shorter 

persistence lengths based on cyclization,47 one group finding a persistence length based 

on FRET of 11nm,48 and indication that at short length scales, the worm like chain model 
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is  a poor fit,49 This has been explained by invoking “breathing” or transient opening of 

the helix which allows for enhancing DNA’s flexibility.50 

Work also on identifying how duplex DNA structure distorted while binding to protein,51 

and identifying how sequence distorts DNA from the classical B form.37,41 El Hassan et. 

al. identified two main modes of DNA distortion around proteins. In mode I, which is 

employed with histones allowing DNA to gently bend around the histone octamer, roll of 

up to 15° between CA/TG and TA/TA steps allows DNA to bend around the protein, and 

in this mode, the slide distance and twist angle are tightly coupled with the roll angle. 

Mode II allows much greater roll, but with the slide distance remaining more constant. 

This results in the major groove remaining close to 18Å wide, while the minor groove is 

allowed expands much more. It is that notable in all this early work very little 

consideration was initially given to the effect of breaks, or other structures and their 

dynamics.51 

1.2.1 DNA Nick Gaps and more 

Biologically, processes like DNA replication will create non-duplex structures in the 

DNA. The proteins responsible for recognizing these structures will involve both the 

dynamics of the protein, and the DNA, thus questions of conformational selection or 

induced fit can be applied to the DNA as well. As such, understanding the dynamics of 

naked DNA itself becomes important. Indeed, there has been disagreement on the 

mechanism of the nuclease flap endonuclease 1 (FEN1) based on this very point, the 

dynamics of the flap DNA structure.52–54 Single stranded breaks remove the constraints of 

the backbone on the DNA, as there is no longer a covalent linkage preventing a sharp 

bending angle around the break. However, barriers remain to bending, most notably, their 
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remains the aromatic stacking of the nucleobases. Thus significantly bending the DNA 

results in both breaking the stacking, and exposing the hydrophobic surfaces of the 

nucleobases to the polar solvent. Most attempts to quantify this energy have utilized 

computational approaches.41,43,44,53–55 Groups using ab initio and density functional 

theory (DFT) calculating energy relative to vacuum have generally calculated all base 

pair combinations, while groups using molecular dynamics (MD) simulations have 

generally used only a single model nucleic acid. Stacking energy is influenced by the 

particular base pair, (see Table 1.1 for full breakdown) ranging from 13.4kcal mol-1 to 

18.2 kcal mol-1 for 5’AT3’ and5’CG3’ respectively in the most recent computational 

study using DFT.41 On the other hand, experiments analyzing the mobility of nicked 

DNA oligonucleotides on a gel has been use to infer the unstacking free energy, finding a 

range of -0.19kcal mol-1 for nicks between TA and -2.17kcal mol-1 for GC.56 Comparing 

these numbers there is little correlation between the calculated values and experimental 

values. Other experimental approaches measuring the denaturing temperature compared 

to gaps, although not comparing different nucleotides at the gap junction found a similar 

value for the coaxial stabilization afforded by the nick, concluding that the stabilization 

was between -1.4kcal mol-1 and -2.4kcal mol-1.57 A very recent study on DNA 

polymerase also found in simulation of a single nicked duplex, unstacking in solution had 

a ΔG of 4.7kcal mol-1 (given as 8kbT in the paper), while a gapped complex unstacking 

had a ΔG of 2.4kcal mol-1 (given as 4kbT).54 However, collaborators in our group 

simulated nick, and single stranded 5’ flap and double flap structures, and found a much 

higher energy requirement for unstacking, having an activation ΔG of 14kcal mol-1, and 

at higher angles the overall ΔG was around 11kcal mol-1.53 
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Table 1.1Dinucleotide stacking energies (kcal mol-1) from experiment and calculation 

DNA 

dinucleotide 

Protozanova 

experimental56 

Sponer ideal 

calculation44 

Sponer 36° 

calculation44 

Cooper ideal 

calculation41 

AA -1.11 -16.54 -15.01 -15.2 

AT -1.34 -15.85 -14.78 -14.0 

AG -1.06 -15.25 -14.65 -15.2 

AC -1.81 -15.09* -14.98* -14.5 

TA -0.19 -14.80 -14.67 -15.1 

TT -1.11 -16.54* -15.01* -15.2* 

TG -0.55 -16.02 -15.81 -16.3* 

TC -1.43 -14.29* -14.29* -13.9* 

GA -1.43 -14.29 -14.29 -13.9 

GT -1.81 -15.09 -14.98 -14.5* 

GG -1.44 -13.98 -13.57 -13.4 

GC -2.17 -16.12 -16.12 -17.0 

CA -0.55 -16.02* -15.81* -16.3 

CT -1.06 -15.25* -14.65* -15.2* 

CG -0.91 -16.58 -16.41 -18.2 

CC -1.44 -13.98* -13.57* -13.4* 

Perhaps the most direct measurement so far of the stacked and unstacked equilibrium of 

nicked DNA utilized the fluorescent lifetime of 2-amino purine (2AP) inserted into the 

unbroken DNA strand at the site of the nick or gap.58 With this, they were able to 

estimate the percentage of time the 2AP reported resided in an extrahelical environment, 

and in disordered environments. Duplex DNA showed none of these components, while 

nicked DNA contained a greater degree of dynamic disorder, while single nucleotide 

gaped, as well as when the 2AP nucleotide was inserted into a bulge experienced a great 

degree of time in an extrahelical conformations. Surprisingly, a two nucleotide gap 

experienced less time in the extrahelical environment compared to the one nucleotide 

gap, indicating the formation of secondary structure. This study however suffers due to 

its inability to report on classical base pairs as it specifically monitors the stacking of 

2AP against neighboring bases.58 
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More work has been done to understand the dynamics of more complex structures like 

forked DNA (3 way double stranded DNA (dsDNA) junction) and Holliday junctions (4 

way dsDNA junction), hairpins and others.59,60 Stretches of complementary base pairs 

prefer the duplex DNA configuration, maximizing the stacking of base pairs, however, 

the negative charge of the backbone creates repulsion between different duplexes.59 This 

very apparent in the structure of the forked DNA derived from single molecule FRET 

multi parameter fluorescence study, which found the 3 arms splayed out by more than 

120° from each other.61 The effect of charge however can lessened by the presence of 

metal ions, which can induce folding and create other effects as well.59 Several early 

studies showed that ions also have influence on the structure of the Holliday junction. A 

variety of ions were shown to all be capable of inducing coaxial stacking of the helical 

arms. Divalent cations like calcium and magnesium induced stacking at concentrations 

greater than 100µM, while monovalent cations like sodium require high concentrations 

and the folding remained incomplete.62 The dynamics of this junction are also strongly 

affected by the magnesium concentration. The rate of arm exchange slows from sub-

millisecond to seconds with increasing magnesium concentration,63–66 and the rate of 

junction migration in structures capable of migration are also similarly slowed 

significantly with increased divalent cation concentration.67–69 

1.3 Nucleases and Polymerases 

The phosphodiester bond is incredibly stable, estimated to have a half-life of 31,000,000 

years at neutral pH.70 Thus nucleases, defined as anything that catalyzes the hydrolysis of 

phosphodiester bonds in nucleic acids, are essential for organisms DNA related 

metabolism. They are incredibly diverse, and possess a great variety of folds and several 
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mechanisms.2 Nucleases can be categorized by their substrate, mechanism, or their 

structural fold. While there is often strong correlation between these categories, there are 

no hard and fast rules that must be followed.2  

1.3.1 Mechanism 

 Mechanistically, enzymes that make or break phosphodiester bonds usually work by an 

associative SN2 mechanism.2 A nucleophile must be poised for in-line attack towards the 

phosphorous, and opposite the 3’ or 5’ oxygen. The transition state will then be a 

pentacoordinate trigonal bi pyramid, with inversion around the phosphate. A 3’ or 5’ 

oxyanion ribonucleotide will be the leaving group, mirroring the initial nucleophilic 

attack. In order for this nucleophilic mechanism to occur, the enzyme must both stabilize 

the highly negative pentacoordinate transition state, and activate the attacking 

nucleophile, usually through deprotonation.71,72 How these two requirements are 

achieved, and what serves as the attacking nucleophile are the primary things that 

distinguish the mechanisms of different nucleases. These mechanisms are broadly 

categorized into metal ion independent, single metal ion, and two metal ion mechanisms. 

1.3.1.1 Metal Ion Independent Nucleases 

Metal ion independent nucleases are the most distinct with regards to their mechanism, 

still operating through an SN2 mechanism, the nucleophile can be either a Tyr, Ser, or His 

residue (see Figure 1.3 C).73–76 This invariably creates a temporary phosphoenzyme 

intermediate, which must be hydrolyzed to release all nucleotide products. In the case of 

RNA nucleases employing this mechanism, an alternative is universally used, which is 

the 2’ hydroxyl, such that the products include a 2’-3’ cyclic phosphate, which may or 
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may not be hydrolyzed later.77–80 The active site also usually includes a number of 

positive residues surrounding the phosphate to neutralize its strong negative charge. It is 

also notable that in order for the nucleophiles to be properly oriented, the DNA or RNA 

strand must bent heavily, such that base paring as well as base stacking are broken. 

Figure 1.3 Catalytic mechanisms of nucleases A) Single metal cation dependent nuclease 

transition state. A single divalent metal cation (labeled as MB, most commonly Mg2+, 

complexes the phosphate while the attacking water is activated by a Tyrosine of Histidine 

side chain. B) In the two metal cation dependent nucleases, the protein side chain is 

replaced by another metal cation, MA, these are bridged by a side chain carboxylate. Two 

metal cation enzymes are usually more specific for a given metal cation. C) Metal ion 

independent nucleases do not complex any metal cations, rather positive residues 

surround the phosphate to neutralize the negative charge, and a Tyr, Ser, or His residue 

directly attacks the phosphate, leading to a phosphoenzyme intermediate which will have 

to be hydrolyzed to complete the enzymatic reaction. RNA nucleases may also utilize this 

mechanism, where the 2’ hydroxyl of the RNA supplies the necessary nucleophile, 

creating a cyclic 2’-3’ product. 
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1.3.1.2 Metal Ion Dependent 

Metal cation based mechanisms utilize a divalent metal cation to complex the phosphate, 

and a water molecule serves as the nucleophile (see Figure 1.3 A/B). Divalent metal 

cations’ high charge density makes them ideal for neutralizing the negatively charged 

backbone of DNA. The smaller size of the nucleophile and higher charge density together 

also mean that metal ion dependent nucleases do not require base unpairing, unstacking, 

or flipping to bring the scissile phosphate into position for nucleophilic attack. However 

DNA distortion, including unpairing, unstacking, and base flipping may be employed by 

metal ion nucleases depending on their function and specificity. Magnesium is by far the 

most commonly used cation,2 and one of the more abundant divalent cations in living 

cells, having a cytosolic concentration of around 0.5mM.81 Its small ionic radius, and 

slow ion exchange rates result in it having a large hydration radius, and make it ideal for 

indirect coordination to nucleotides.2,81  

1.3.1.3 Single Cation Dependent 

Two major classes of nuclease have been shown to use a singular metal cation in the 

catalytic mechanism, their tertiary folds show nearly no overlap. However, the 

coordinates of phosphate, metal ion and nucleophile are nearly identical across all these 

nucleases.82 The metal cation is used to complex the pro-Sp oxygen of the scissile 

phosphate, and a water or protein side chain is used as the nucleophile, the geometry is 

such that the product of these nuclease is always a 5’ phosphate and a 3’ OH.82 The metal 

ion is itself usually complexed by a His residue. Unlike the metal cation independent 

nucleases, the active site in single cation dependent nucleases is small enough such that 

no DNA distortion is necessary, and instead the active site is positioned inside the minor 
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groove of the DNA. In ββα-Me a His usually serves as a general base to activate the 

water for nucleophilic attack, while in the HuH nuclease, a Tyr directly attacks the 

phosphate. These nucleases are often found to be more tolerant of metal ion substitution 

compared to the two cation dependent mechanism described in the next section.82 

Similarly, nucleases in the ββα-Me family are agnostic to DNA, RNA, and sequence,83 

unless other sequence dependent DNA binding domains are present.84,85 They also 

generally complex the metal ion more tightly, with crystal structures showing higher 

occupancy compared to two cation dependent nucleases.2,82 

1.3.1.4 Two Cation Dependent 

Like the single metal cation nuclease, these nucleases always produce a 5’ phosphate and 

3’ OH. The mechanism utilized by the greatest number of nucleases utilizes two metal 

cations was also the first to be proposed. The first enzyme studied using this mechanism 

were the 3’ to 5’ exonuclease of the Klenow fragment,86,87 and alkaline phosphatase.71 

One of the cations is essentially equivalent to the single cation found in the single cation 

dependent mechanism, while the other is positioned opposite it, on the 3’ side of the 

phosphate, complexing both the pro-Sp oxygen, and the nucleophile, usually water, 

lowering its pKa so that it can be deprotonated and activated for attack.72,87 By 

convention, the metal complexing the nucleophile is labeled with an A subscript, while 

the other is labeled with a B subscript (see Figure 1.3 B). Usually these are complexed by 

a bridging carboxyl from an Asp or Glu. In most “resting” structures, MA
2+ and MB

2+ are 

positioned 4Å apart, however, this leaves the nucleophilic water around 3.5Å away from 

the phosphorous atom, too far for effective nucleophilic attack, and it is therefore 

hypothesized that in the reaction mechanism, the metal ions move closer together in the 
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transition state.72  This also is evidenced by the fact that Ca2+ with its large ligand radius 

substitution leaves many nucleases inactive, while Mn2+ whose radius is similar to Mg2+ 

will often only slightly impair nuclease activity.88,89 Like with single metal cation 

nucleases, the two metal cation active site is small enough that it does not require 

distortion of the DNA, and thus may be positioned in the minor groove of the DNA. 

However, this is not universal, as many two cation nucleases distort the DNA, usually as 

a means to impart nuclease specificity, and thus often the DNA is distorted, and even 

unpaired or unstacked around the active site.77–80 

1.3.2 Structure Specific Nucleases 

Structure specific nucleases, as their name suggests recognize and cut specific DNA 

structures, and are insensitive to sequence.90–93 During DNA replication, recombination 

and repair structures such as flaps, nicks, gaps, overhangs and Holiday junctions are 

inherent intermediates, and yet, if allowed to persist are incredibly toxic to the cell.92,93 

As such structure specific nucleases must efficiently and quickly resolve these 

intermediates and are indispensable during these processes, with mutations in any of 

them often leading to various mutator phenotypes, cancer, and lethal phenotypes in the 

most extreme cases.91 Several classes with distinct fold exist for structure specific 

nucleases, but some common features emerge. They are nearly all two cation dependent, 

though in some cases the mechanism remains ambiguous, and all generally involve 

significant distortion of the DNA. Pathologically, mutations in these nucleases are 

generally associated with various forms of genomic instability and mutator phenotypes, 

causing a host of disorders, including schizophrenia and cancer.94–99 Paradoxically, while 

mutants of these may cause cancer, healthy versions are often upregulated in other cancer 
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cell lines in order to maintain high replications rates without lethal mutation or 

replication intermediates from accumulating.100,101 

1.3.3 5’ Structure Specific Nuclease Superfamily 

The 5’ structure specific nuclease superfamily all share a common core fold, and several 

key features. Flap Endonuclease 1 (FEN1) is the quintessential and most well studied of 

these nucleases. Other important members of this group are Exonuclease 1 (EXO1), 

Xeroderma pigmentosum group G (XPG), and gap endonuclease 1 (GEN1).102 While 

they have a huge variety of substrate specificities, they do share several key features in 

common. Despite having a diverse set of substrates, the cleavage point is always one 

nucleotide inside the duplex at a junction between double and single stranded DNA 

(ssDNA), cutting at the 5’ terminus.102,103 What makes this superfamily particularly 

interesting is the degree of specificity they achieve, while still maintaining incredibly 

high reaction rates, some near the diffusion limit, despite all sharing the same basic fold, 

cross reactivity is surprisingly low.102,104 This makes them particularly interesting to 

study as a means of investigating the larger relationship between structure, 

conformational flexibility, and function. Indeed, research has revealed some striking 

contrasts in the nucleases in this family with regard to their flexibility that helps elucidate 

how such differences are achieved.    

1.3.4 FEN1 

FEN1 is a structure specific nuclease present in all eukaryotes and archaea, and analogues 

in phages and eubacteria.103 Depending on the species it is an approximately 40kDa 

protein,105 responsible for the critical step in Okazaki fragment maturation: cleaving off 

the ssDNA overhangs created by the DNA polymerase as it runs into the adjacent 
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Okazaki fragment, as well as functioning in long patch base excision repair (LP-

BER).106–109 FEN1 mutants show genomic instability, sensitivity to ultraviolent (UV )and 

chemical mutagens, and general mutator phenotypes, including expansion of repeat triplet 

sequences,110,111 highlighting FEN1’s role in DNA repair. Null mutants in mammals are 

not viable,112 while yeast show mutator phenotypes.113 

1.3.4.1 Biological Role 

FEN1 specifically cleaves single stranded 5’ flaps off of DNA duplexes producing a 

nicked DNA product.103,109,114–117 The flaps may be composed of DNA or RNA 

nucleotides. These flaps are created during lagging strand synthesis and LP-BER, when 

the DNA polymerase displaces the RNA primer used to initiate the adjacent strand in 

DNA replication, or a section of damaged DNA in LP-BER, a process known as strand 

displacement.105,118 Notably in these processes the flaps remain complementary to the 

template strand, and thus can equilibrate or migrate along the DNA. In contrast, most 

biochemical studies on FEN1 have used “fixed” non-complementary DNA flaps to 

simplify data interpretation and oligonucleotide synthesis. FEN1’s structural specificity, 

discussed in section 1.3.4.3 FEN1 Biochemistry, ensure that it cleaves the displaced RNA 

primer, and not the newly replicated strand. The product is nicked DNA, which can then 

be sealed by DNA ligase.119   

1.3.4.2 FEN1 structural features 

FEN1 was the first nuclease to be discovered of the 5’ nuclease superfamily. Not all 

superfamily members have been crystalized, however, combining sequence homology 

with the crystal structures that are available, superfamily members appear to always bind 

DNA at two places, using some common structural elements.103,120,121 To begin the 
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discussion I will describe the enzyme substrate complex reported by Tsutakawa in 

2011,121 and draw further comparisons primarily to this structure for further discussion. 

Then I will proceed to link this structure with the understanding of its enzymatic activity, 

and finally discuss the implications and remain questions regarding its mechanism. As 

seen in the previous apo structures, the core of FEN1 is a 7 stranded twisted β sheet, with 

15 α helixes surrounding it, and taking on the rough appearance of a left handed boxing 

glove.122–125 There are four main regions of DNA interaction in the protein, with two of 

them being distinct DNA binding motifs, and the other two behaving more as structural 

recognition sites.  The first DNA binding motif, located in the “palm” of the boxing 

glove, is a helix two turn helix (H2TH) domain, composed of α10 and α11 which binds 

the template strand of the DNA through a K+ ion (Figure 1.4A). This is on the 5’ side of 

the template strand, and is generally termed the “downstream” side of the DNA, because 

Figure 1.4 A) Schematic diagram of conserved structural elements in the FEN1 superfamily, 

namely Helix two-turn Helix DNA binding domain, helical gateway, hydrophobic wedge and 

active site. Figure drawn with DNA bound in bent conformation. B)Schematic of Human FEN1, 

showing important domains and important amino acids. Adapted from Tsutakawa et. al. 2011121 
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it lies in the direction of DNA polymerase movement. As expected for a sequence 

independent nuclease, there are no interactions with the bases, but only the backbone in 

this motif. In archaeal FEN1, the H2TH motif is replaced by a helix three turn helix 

instead (H3TH).122 The second DNA binding site, the “upstream” side of the DNA, takes 

the form of a loop, between β6 and β7, termed the β-pin, and in the boxing glove analogy 

fits in the groove of the fingers, leaving to the right side. A set of basic residues, arginine, 

asparagine, and lysine form hydrogen bonds to the phosphate backbone and deoxyribose 

hydroxyls, with no bonds to the bases, as would be expected for a sequence insensitive 

nuclease. These domains are oriented such that standard duplex DNA binding to one 

would not encounter the other, and thus only sharply bent DNA structures can bind both 

at once.121,126 This feature seems to be common for all member of the 5’ structure specific 

nuclease family. Placed one helical turn away from the H2TH binding site, in the 

“thumb” region when using the boxing glove analogy, the α2 helix interrupts the path of 

duplex DNA, and creates a 100° bend in the template strand directing it towards the β-pin 

domain(Figure 1.4A).103,121 This bend can be even sharper in other 5’ specific 

nucleases.120,127 This is the beginning of the hydrophobic wedge, which is composed of 

α2 helix, and the α2-α3 loop. The α2 and α3 helixes also have a number of hydrophobic 

interactions with the backbone riboses of the template strand, and several residues, 

including Tyr 40 which hydrophobically packs against the nucleobases.  

The α2-α3 loop forms a fascinating groove or pocket facing the upstream DNA, called 

the 3’ binding pocket, with the α2 helix standing between this groove and the 

downstream DNA. One nucleotide of the upstream non-template strand binds to the 3’ 

binding pocket through a number of hydrophobic interactions with the ribose. At the end 
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of the groove created by the α2-α3 loop there are a number of negatively charged acidic 

residues, which would prevent any 3’ flaps longer than one nucleotide from binding. 

Interestingly this loop is unstructured in the apo enzyme crystal structure, even though it 

forms a total of on eight of the DNA interaction with the protein.103,121,128 This loop is 

also absent from the T5FEN,114 and other viral FEN1 homologues, but present in 

eubacteria,129 archaea130 and eukarya.131   

The final DNA-protein interaction is with the 5’ flap. The 5’ flap proceeds away from the 

duplex when it meets the α2 helix hydrophobic wedge. Flanking either side of this path, 

the cradle of the thumb is formed by the N terminal end of the α2 helix, and the N 

terminal end of the α4 helix, forming a “gate,” often called the helical gateway. α4 

continues to project over the 5’ flap, and then a short loop links it to α5, together forming 

an arch that rather breaks the boxing glove analogy, forming a connection likened to 

linking the end of the thumb to the index finger. This feature has been variously called 

cap helical gateway,132 helical cap,121 helical arch133 or helical clamp,134 for the purposes 

of this work, it will be called the helical arch.122  This forms a small hole in the enzyme, 

large enough for single stranded DNA to pass through, but not double stranded DNA. 

Notably, arch, but not the gate is unstructured in the apo enzyme structure, similar to the 

3’ binding pocket,114,128 while the T5FEN apo structure has a similar arch that is 

structured in the absence of DNA.135   

The active site appears to be set at the base of the thumb, and an astounding 5.3Å from 

the scissile phosphate in the enzyme substrate structure, much too far for it to cleave 

DNA in this conformation, indicating this is an early conformational state in the reaction 

pathway. The active site is composed of two magnesium ions (replaced by Sm3+ in the 
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crystal structure to prevent cleavage) that complex a water molecule, priming it for a 

nucleophilic attack on the phosphate. A set of seven acidic residues is highly conserved 

in all superfamily members four of which directly coordinate to the two Mg2+ ions, with 

the other three making outer sphere contacts with the Mg2+ ions, these are spread across 

the α2, α7, and α8 helixes, and in the β1-α2 loop, β3-α4 loop, β5-α8 loop, and α10-α11 

loop (also a part of the H2TH domain).121 One atom coordinates two phosphate oxygens, 

while the second only one in the substrate bound crystal structure. Notably, in the DNA 

free structures, some of these residues are unstructured, and not coordinated to the Mg2+, 

indicating that only after the disorder to order transition induced by DNA binding occurs 

does the enzyme become catalytically competent.103,121  

At this point a note on nomenclature is useful. When discussing FEN1 5’ flap strand 

interactions, the predicted site of cleavage is treated as the center, thus the last 5’ 

nucleotide remaining in the duplex is labeled as the -1 nucleotide, and the nucleotide 5’ to 

that, the 3’ most nucleotide in cleaved flap labeled as +1.  

Some debate has occurred regarding the exact mechanism of nucleophilic attack. In one 

model, one Mg2+ ion serves merely to coordinate the phosphate, while the other activates 

a water for nucleophilic attack,120 while in another, a mechanism analogous to the 

EndoIV enzyme136 is proposed, where both Mg2+ ions participate in activation of the 

water.121 

Superfamily members are distinguished most by the structures that surround the fulcrum 

of the bend in the DNA. These different structures confer unique specificities to each of 

these nucleases, with surprisingly little cross reactivity. Early reports indicated that FEN1 

induces an unpairing of two nucleotides on side of the 5’ flap directly adjacent to the 
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junctions between duplex and flap,102,121 while more recent findings are replacing this 

model with a “rolling” model where the DNA distorts without unpairing to bring the 

scissile phosphate into position for nucleophilic attack.111 It is impressive the variety of 

substrates accessible to FEN1 superfamily members, whose substrate’s only common 

structural feature is the junction between double and single stranded DNA, as all 

members of the superfamily contains such a conserved set of structural elements 

themselves. 

1.3.4.3 FEN1 Biochemistry 

Early studies first recognized FEN1 as recognizing 5’ flaps in a sequence independent 

manner, and regardless of whether the flap was composed of DNA or RNA up to 200 

nucleotides long.137 This study also showed FEN1 to have a weaker exonuclease activity, 

cleaving single nucleotides from 5’ single stranded double stranded junctions. FEN1 

shows limited tolerance for incomplete duplex structures within the 5’ flap, while protein 

FEN1Equilibration

FEN1 Major Minor

Non Equilibrating

Single Flap

Single Flap Double Flap

Nick

Nick Gap

Figure 1.5 FEN1 structural specificity. A) The cognate substrate is a double flap, 

incision occurs at red dot, producing a nick B) On single flap substrates FEN1 has two 

products, the major is a nick, while the minor is a gap. Large and small red dots 

indicate major and minor cleavage sites respectively 
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on the 5’ flap will abolish FEN1 nuclease activity. Following this identification, further 

work showed it to be dependent on either Mg2+, or Mn2+ while Ca2+ and Zn2+ cations 

were incapable of supporting catalysis. Ideal conditions for catalytic activity were found 

to be 1mM to 10mM for these divalent cations, and NaCl concentrations below 50mM.116 

The latter of these conditions was later contradicted, finding 100mM KCl to be 

optimal.114 Furthermore it was confirmed, that like all divalent metal cation nucleases, the 

products were 5’ monophosphate and 3’ hydroxyl nucleic acids.138 By the early 2000’s 

however, it was recognized that the ideal substrate required the ability for the substrate to 

form a single nucleotide 3’ flap.114,131,139,140 This is the mechanism alluded to earlier by 

which FEN1 selects specifically for the structure that cleaves the displaced DNA/RNA so 

that the RNA primer is removed. KDs of substrates lacking the 3’ flap is severely reduced, 

and concomitantly, the efficiency of FEN1 cleavage of non-equilibrating single 5’ flap 

substrates is reduced compared to substrates with either fixed single nucleotide 3’ flaps or 

those capable of equilibrating to such a structure.131,140 Two products are formed when a 

3’ flap is not present, the major product is a nicked duplex, indicating cleavage occurred 

between the last nucleotide of the duplex and the first nucleotide of the flap, and the 

minor product is a gapped duplex, with cleavage occurring one nucleotide into the 

duplex.114,131 On its ideal double flapped substrates, FEN1 has been shown to be diffusion 

limited,53,104,141 although for longer 5’ flaps, FEN1 is somewhat inhibited, and rebinding 

events to uncleaved substrates have been detected for long flaps, demonstrating it is no 

longer diffusion limited.142  
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1.3.4.4 FEN1 Mechanistic Questions 

Now that we have established a basic understanding of the overall structure and catalytic 

nature of FEN1, we will proceed to address the larger mechanistic questions in greater 

detail. The majority of these questions are centered around the mechanism of substrate 

recognition. The first of these questions regards the 5’ flap’s interaction with the helical 

arch. 

Tracking 

Before crystal structures were available, the first proposed mechanisms suggested that 

FEN1 first interacts with the flap, tracking down the single stranded DNA, to reach the 

duplex where cleavage would occur.105 Supporting this, it was also observed that while 

FEN1 easily tolerates long flaps, and small modifications to the flap, including biotin, 

and isopropyl amine, any large modifications, such as biotin-streptavidin linkage, 

significant duplex regions, branched DNA, or cis-diamminedichloroplatinum (CDDP) are 

essentially abolish FEN1 activity.103,109,115,117,143 

Threading 

However, this model was challenged in eubacteria with methyphosphonate 

modification,129 and later in eukarya with electrophoretic mobility shift assays,144 and 

single molecule work, performed by myself, discussed in chapter 4, revealed that FEN1 is 

perfectly capable of binding to DNA with flaps containing large modifications, but 

somehow these modifications prevent cleavage. At the time of these studies no crystal 

structure with a eukaryotic FEN1 with DNA containing a 5’ flap longer than one 

nucleotide was available, but the apo structures of T5FEN1123 and the archea 

Methanocaldococcus jannaschii125 had been solved, and both showed an arch with a hole 
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through it. Reasoning this also existed in the eukaryotic enzyme, the authors suggested 

that the DNA first bound at the base to the duplex, and then threaded the 5’ flap through 

the arch, which was somehow necessary for catalytic activity (Figure 1.6).144 This 

mechanism thus explained the DNA binding and the specificity for only small 

modifications.144 The crystal structures of FEN1-DNA mimicking both an early pre-

Figure 1.6 A) Comparison between clamping (left) and threading (right) hypothesis, 

in clamping the flap is merely clamped in a groove, while in threading the flap passes 

through a loop in FEN1. B) Spontaneous (top) vs induced (bottom) bending 

hypothesis, in spontaneous, bending occurs without thermodynamic stabilization of 

FEN1, while in induced bending, FEN1 must bind and then cause the bending of 

DNA C) Schematic of DNA free complex showing disordered helical arch (left), and 

further comparison between clamping (center) and threading (right) hypothesis, both 

depicting ordered helical clamp 
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cleavage and late post cleavage state were published together.121 The observation of the 

helical arch, and the hole through it confirmed what had been suspected based on the 

structure of T5FEN. However, these structures only had one nucleotide 5’ flaps, and thus 

it was not confirmed that the flap passed through this hole. This model was somewhat 

challenged by the fact that this hole was too small to admit certain modifications that 

FEN1 had been shown to be capable of cleaving. The authors noted however, that 

previous apo structures of eukaryotic FEN1s showed no electron density for the residues 

of the helical arch, indicating they are a disordered loop in the absence of DNA binding. 

Therefore the hole could be large enough in the disordered form for the afore mentioned 

modifications to pass through, but that structuring after threading is necessary for 

incision.121 

Clamping 

However, some debate remained, and the crystal structure of the related EXOI, 

(discussed in section 1.3.5) a new suggestion was made. Instead of threading, it was 

suggested that the 5’ flap was merely clamped by the helical arch (Figure 1.6). This 

mechanism also explained how flaps as long as 200 nucleotides could still be cleaved 

even in the absence of an external energy source such as ATP.120 This also explained the 

observation that hairpin and other double stranded sections were permitted on the flap so 

long as said section was far enough removed from the base of the flap junction.114  

Resolution 

One key observation however made the clamping model unlikely, as FEN1 was unable to 

cleave even long flaps when blocked with a biotin streptavidin linkage.145 Further studies 

continue to confirm this, and extend on the experimental framework of this study, 
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showing that FEN1 can be “trapped” on the substrate by mixing DNA with a biotinylated 

flap with FEN1 in the absence of catalytically competent divalent metal cations, and later 

adding streptavidin. Single turnover cleavage will still occur when Mg2+ or Mn2+ is then 

added.144,146 Similar trapping was also demonstrated in single molecule studies.132 

Recently crystal structures have all but settle this debate, with a 5 nucleotide 5’ flap 

showing that the DNA is indeed threading through the hole in the helical arch.111 Thus 

the disorder-thread-order mechanism, which is in itself a refinement of the threading 

mechanism has become widely accepted and is assumed in this study.118,121,147  

1.3.4.5 3’ Flap binding pocket 

One rather fascinating feature of non-phage FEN1s, is binding pocket for the 3' flap.121,122 

Constituting approximately one eight of the surface area in contact between protein and 

DNA, and offers a clear explanation for FEN1’s strict preference for a single nucleotide 

3’ flap, 121 it is disordered in the DNA free crystal structure,128 indicating binding to the 

3’ flap induces ordering of the 3’ binding pocket.103,121 Kinetic data show that the 

presence of a single nucleotide 3' flap increases the rate of cleavage (kcat) by around 33 

fold, and decreases the dissociation constant  (KM) of FEN1, in fact to the point where the 

authors suspected that FEN1 was a nearly diffusion limited enzyme on the ideal 

substrate.114 Two backbone carbonyls, Lys314 and Thr61 form a hydrogen bond with the 

3’ hydroxyl, alone with a number of hydrophobic interactions with the ribose. The only 

hydrogen bond to the base is to the cytosine O2 through the amide of Gln54. This oxygen 

is normally positioned in the minor grove of DNA, and is notably also present in all four 

canonical bases, thus maintaining FEN1’s sequence agnosticism. Biochemical 

experiments also confirm that FEN1 shows no preference for any particular nucleotide in 
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the 3’ position.131 At the tip of this pocket, there is a distinctive set of acidic residues 

termed the acid block, which prevents longer 3’ flaps from binding, due to the 

concentration of negative charge positioned above the pocket.121 

The 3’ binding pocket, with its requirement for 3’ nucleotide unpairing explains the 

significant increase in activity of FEN1 on double flapped substrates. Because in vivo 

flaps are all complimentary to the template strand sequence, the ideal configuration can 

be achieved by shifting the junction to any point along the length of the overlap between 

the 5’ and 3’ strands. Therefore, the in vivo substrate is capable of adopting the ideal 

single nucleotide 3’ flap structure. By fixing the position of this flap, the 3’ binding 

pocket ensures that the product will be a nicked DNA, so that ligase can seal the nick, 

and thus complete Okazaki fragment maturation, or LP-BER. 

The loop portion of this pocket is disordered the eukaryotic DNA free crystal structures, 

raising questions of what dynamics lead it to order and what effect those have on the 

dynamics.103,121,148 But these dynamics cannot be discussed alone, as these residues are 

adjacent to another region which also appears to structure only after DNA binding occurs, 

the helical arch. So much of this discussion will be delayed until after the arch is 

discussed, however, it will be good to mention some key residues in this region. The first 

is Try40, which is in the α2 helix, actually on the border between the wedge and the 

gateway motifs, and is key in packing against the exposed nucleobases. In the substrate 

structure, it packs against the exposed +1 (last cleaved) nucleobase, and rotates slightly in 

the product complex, stacking against the -1 (last uncleaved) nucleobase. Mutation of this 

residue does not abolish activity, but impedes catalysis by around 30 fold. Indicating it is 

likely used in substrate positioning. Another residue of importance, and one for which we 
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have studied (chapter 3 section 3.2.3) is Arg47. This residue does not specifically interact 

directly with any part of the DNA, but rather forms a linkage between the 3’ binding 

pocket and the helical arch.121,146 More recently the effects of mutation on the residues 

interacting directly with the 3’ flap, and showed disrupting them, especially Lys53 impair 

cleavage even more significantly.146 Exciton coupled circular dichroism (ECCD) data 

with 2-aminopurine (2AP) incorporated at the 3’ end of the junction show that binding 

and unpairing of the 3’ nucleotide is severely inhibited when these residues are mutated, 

with the effect being more severe for Lys53. Analysis of the cleavage products of these 

mutants also indicates that cleavage no longer occurs exclusively with a substrate bound 

in a double flap conformation, but also in a single flap conformation. When double 

mutants were tested, cleavage occurs almost exclusively from the single flap 

conformer.146 

1.3.4.6 DNA Bending 

The DNA binding also leads to questions regarding how bending is achieved. While it is 

clear that the binding of the DNA duplex to FEN1 occurs prior to threading, how it goes 

from a presumable fairly extended conformation in solution to the 100° bent 

conformation, remains unknown. Two broad mechanisms are possible: either the DNA 

spontaneously fluctuates to the 100° bent conformation (conformational selection),52 at 

which point the FEN1 engages fully with the duplex, or the binding event itself induces 

the bending of DNA.53,132 Both possibilities have been supported by different groups.  

1.3.4.7 Helical Cap Ordering 

The most prominent ordering event induced by DNA binding is that of the helical arch, 

the section between the helical gateway. While the gateway is universal in 5’ nuclease 
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superfamily members, the arch is unique to FEN1.121 Even before DNA bound crystal 

structures were solved, Fourier Transform Infrared spectra (FTIR) indicated that DNA 

binding increased the helical content of FEN1.149 The arch creates a passage from 13 to 

15Å wide, which is insufficient for dsDNA, which is about 20Å wide to pass through.121 

Based on several mutant structures of T5FEN, it was suggested that after binding to the 

duplex DNA, the T5FEN phage analogue, it was suggested that the 5’ flap, assumed to be 

highly flexible, was threaded in a manner akin to “fly casting,” essentially a conformation 

selection model.150 What is certain is that the structuring of the arch is key to bringing all 

active site residues together. It would seem that this disorder to order transition is key to 

recognition of the flap structure, and thus defining the substrate specificity of FEN1. 

Proline mutagenesis and production of chimeric FEN1 proteins, swapping arch and 3’ 

binding pocket residues between human and thermophilic archaeal homologues has also 

helped confirm the need of structuring .146,151 

More recently crystal structures of threaded complexes have cast a better light on the role 

of the cap and especially substrate specificity.111 The phosphate backbone between the +1 

and +2 base pairs is in an “inverted” conformation causing the bases of the subsequent +2 

and +3 nucleotides to be flipped away from the rest of the 5’ flap strand. Arg104, and 

Lys132 point directly at this base, set between 4Å and 7Å away from the +2 and +3 flap 

phosphates.111 This inversion also greatly increases the distance between these 

phosphates and the active site, helping to explain the selectivity of FEN1 against cleaving 

residues within the flap. 

Further NMR study revealed even more about the dynamics of the flap structuring. The 

transition is not a singular all disorder to all ordered transition, but a multistep one. The 
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α4 side of the arch appears to sample the α helical conformation on its own, while the α5 

helix forms upon induced fit, where electrostatics of the DNA flap help introduction of a 

small hydrophobic core.152    

1.3.4.8 DNA Unpairing vs Rolling 

In the initial substrate FEN1 crystal structure the scissile phosphate was 5.2Å away from 

the active site metals. The active site mutant D181A had DNA positioned even further 

away. In both of the structures, while at the H2TH domain the DNA conforms to B-DNA, 

the -1 and +1 base pairs already show strong distortion, with a 0.61Å stagger and 20° 

base pair opening. The product structure showed full base unpairing of the +1 

nucleotide.121  This placement therefore necessitates the further distortion of the DNA in 

order to bring the scissile phosphate into position for nucleophilic attack. It was therefore 

assumed for a long time that catalysis involved unpairing prior to nucleophilic attack. 

Further ECCD data with 2AP in the -1 and +1 nucleotides was used to support this 

model.153 However, the next year crystal structures of certain mutants with threaded 

substrates showed that the entire duplex was heavily distorted around the -1 and +1 

nucleotides, but with no breaking of the hydrogen bonds.111 This distortion was enough to 

explain the change in the ECCD structure, and further ECCD data was interpreted in the 

same way.146 Thus the currently accepted model is that of rolling, without unpairing. 

Several active site residues in FEN1 are not assembled in the DNA free structure, namely 

Lys93 and Arg100, thus it appears that the conformational changes that occur during 

DNA binding bring these residues into position to stabilize the phosphate.128 Thus the 

nucleation of the helical cap induces final assembly of the active site; therefore, 

structuring is required for catalytic activity, which was confirmed by mutational 
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analysis.121 Single molecule data confirms that FEN1 is capable of bending DNA without 

threading, indicating that the structuring plays a key role in verifying the substrate 

structure, and defining FEN1’s substrate specificity. FEN1 in the absence of divalent 

metals, necessary for catalysis, retains some capacity to bend DNA.132 This has lead our 

group to propose that interrogation of the substrate by FEN1 through this structuring 

creates a set of checkpoints by which slight deviations from the correct substrate cause 

improper assembly of the active site, thus preventing cleavage.53 

1.3.4.9 FEN1 in DNA Replication 

Highlighting FEN1’s role in DNA synthesis, FEN1 binds to PCNA in several ways,128 

although reports vary as to PCNA’s stimulating influence on FEN1;122,148,154,155 

regardless, PCNA must help orchestrate the action of FEN1 with DNA polymerase and 

DNA ligase, which also bind to PCNA. Two models have been proposed, the 

switching156 and toolbelt models,157 where the three proteins sequentially bind to PCNA 

one at a time, or where all three are bound to PCNA during the whole of Okazaki 

fragment processing, and alternate catalysis on the DNA. It has been shown that DNA 

replication can be reconstituted in vitro with a mutant PCNA capable of binding only a 

single one of these proteins at a time; however, this does not exclude the possibility of the 

tool belt occurring in vitro.156 However, a newer study more directly probed the action of 

the complete system with all wild type proteins, using traps instead.158 While not able to 

rule out sequential binding, the maintenance of activity in the presence of traps suggested 

the tool belt model to be more probable. This study also found that while FEN1 may be 

more active on longer flaps, during strand displacement, the majority of cleaved flaps 

were only a single nucleotide long.158 A recent cryogenic electron microscopy (cryoEM) 
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study has also reconstituted a toolbelt structure with both FEN1 and pol-δ holoenzyme 

bound to PCNA with a DNA helix passing through the PCNA and interacting with pol-δ, 

appearing ready for hand off to the FEN1.159 The authors note the potential for hand off 

of DNA between pol-δ and FEN1 in the bent state,159 explaining how nick translation 

appears to occur at a faster rate158 than single turnover kinetics of FEN1.114,141,142 

1.3.5 EXO1 

EXO1 is another 5’ nuclease super family member, considered a member of the 

Rad2/XPG family. Its primary cellular function is DNA mismatch repair (MMR).160–162 

In mammals, during MMR, EXO1 binds to PCNA and the sliding complexes of MutSα163 

and MutSβ, which are both heterodimeric proteins, composed of MSH2/MSH6 or 

MSH2/MSH3 respectively.160,161 The MutSα acts on single base mismatches and short 

internal deletion loops (IDL), while the MutSβ acts on IDLs. EXO1 binds to the MSH2 

subunit that is common between the two, and to PCNA. This complex increases the 

processivity of EXO1 in an ATP dependent manner, and as ssDNA is exposed, 

replication protein A (RPA) coats the ssDNA, further stimulating EXO1.161,164 EXO1 has 

also been implicated in immunoglobulin class-switching recombination processing, 

triplet repeat expansion, and it may serve as a “backup” to FEN1 in Okazaki fragment 

maturation. It should also be noted that significant differences exist between binding 

partners for EXO1 when comparing mammals, yeast, and bacteria, such that its 

involvement in each and the differences therein are still a matter of research.161  Its 

primary substrate is nicked and gapped DNA, where it can carry out processive 

exonucleitic cleavage on the 5’ end of the DNA. It has also been shown to have 

endonucleitic activity on 5’ flaps, similar to the activity of FEN1.165 Unlike FEN1 
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however, there is no requirement for a 3’ flap, and the upstream DNA may be wholly 

single stranded with little effect on catalytic activity.165 

The nuclease activity of EXO1 is contained in the N terminal domain, similar to FEN1, 

but it possesses a much larger C terminal domain, which is predicted to be disordered, 

and it is through this that EXO1’s binding partners are defined.161 Indeed, EXO1 is more 

promiscuous in its substrate compared to FEN1, and it seems like its localization is 

controlled by post-translational modification on this C terminal region, which then 

control its binding partners, and it is the binding partners that control on which sites 

EXO1 acts.160 It is also notable that the C-terminal domain is autoinhibitory, as EXO1 

binds DNA but shows little catalytic activity in the absence of stimulatory factors163. 

EXO1 shares little sequence homology with FEN1, but the fold is surprisingly similar, 

the biggest differences being the lack of a 3’ binding pocket (the α2-α3 loop in FEN1), 

and the upstream DNA binding domain contains a hairpin helix hairpin domain as 

opposed to the β-pin of FEN1.120 The substrate DNA bound structure shares a number of 

key features. Like FEN1, the DNA bends to nearly a 90° angle, stabilized by a 

hydrophobic wedge, bending around a single nucleotide. The downstream DNA bound 

through a H2TH domain that requires a K+ ion. The active site is also very similar, with 5 

conserved carboxylates, and it is set away from the path of the DNA, indicating a similar 

function in preventing non-specific cleavage.120 Unfortunately no apo crystal structure 

exists, so it is unknown the configuration of the helical arch, which is seen in the 

substrate structure. However, it does have a high B factor, hinting at a similar disorder to 

order mechanism as seen in FEN1.120 As the helical arch is relatively solvent exposed, 

and is also closely interacting with the α2-α3 helixes which are also solvent exposed, the 



56 
 

authors suggest that its mobility and thus EXO1’s reactivity are likely to be highly 

modified by binding to other proteins, which might have secondary binding sites to these 

regions.120 Recently, time resolved structures have also come out. These show a 

fascinating interplay of the arch with the DNA. There appears to be an open and closed 

conformational equilibria, in the open state DNA is allowed to be fairly mobile.127 While 

it is locked in the closed state. This then leads to a clamping that assembles the active 

site, where the hydrophobic residues His36 and Tyr32 seem to guide the DNA toward the 

active site, which possess two Mg2+ and a water molecule poised for inline attack.127 

1.3.6 XPG 

Xeroderma Pigmentosum G (XPG) and its yeast orthologue Rad2 is responsible for 

cleaving DNA bubbles created during nucleotide excision repair (NER).166 The NER 

repair pathway is much less specific compared to MMR, capable of recognizing 

alteration of Watson-Crick base paring. It can recognize such varieties of lesion as 

cyclobutane-pyrimidine dimers, 6-4 pyrimidine-pyrimidone photoproducts, and various 

bulky modifications.166 The former two lesions being common products of UV exposure. 

Thus those with defective XPG, and generally NER repair genes are often highly 

sensitive to UV light. Xeroderma Pigmentosa, the source of XPG’s name, as well as 

Cockayne syndrome and trichothiodystrophy are all caused by mutant XPG.166–168 In the 

NER repair pathway, a DNA bubble (where dsDNA DNA strands separate and 

recombine) is created by helicases unwinding the DNA around the DNA lesion, the 

structure specific nuclease XPF then nicks the lesion containing strand at the ssDNA-

dsDNA junction lying in the 3’ direction of the lesion on the strand containing the lesion. 

This the stimulates XPG to nick the opposite junction.169 
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While still being a part of the 5’ nuclease family, the core nuclease is composed of the N 

terminal portion of the peptide, and an internal region, which are connected by a large 

600 amino acid loop, which is predicted to be unstructured and highly variable from 

species to species. This loop also suspiciously is directly between the helixes of the 

helical gateway/arch.170 Fragments of this loop have been shown to mediate interaction 

with TFIIH and RPA, both components in the NER pathway.171–176 Another C terminal 

tail mediates other protein-protein interactions with XPG, including PCNA and a nuclear 

localization factor.177 

In vitro, XPG has been shown to cleave DNA bubbles178–181 and splayed ends with 

similar catalytic efficiency,178–181 and is also active of 5’ overhangs,180 and even weak 

activity on ssDNA.182,183 The catalytic core of Rad2, the XPG orthologue in yeast has 

been crystalized in the presence of DNA, with the large 600 residue unstructured loop 

deleted, as crystals did not form when it was included. The crystal structure showed the 

same seven β-strand core flanked by α-helixes. DNA is bound primarily through the K+ 

binding H2TH motif, and a hydrophobic wedge made of α2 and α3 blocks the way of 

dsDNA one helical turn ahead of the H2TH motif.170 This wedge, like EXO1 and unlike 

FEN1 does not appear to have any propensity for binding of a 3’ flap, as would be 

expected for a nuclease that cuts bubbles, structures without a 3’ end adjacent the cleaved 

5’ end. The active site, shares a similar cluster of seven acidic residues, and in the crystal 

structure contains a single Ca2+ ion. Similar to FEN1 and EXO1, it is also set away from 

the duplex, requiring fraying or shifting of the DNA to bring the phosphate backbone into 

close enough proximity for catalysis. No helical arch is present in the crystal structure, 

but this corresponds to the 600 residue region that had to be removed for crystallization, 
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so its configuration remains unknown. As the normal substrate is a bubble, a threading 

interaction akin to FEN1 is essentially impossible, but as it is predicted to be unstructured 

and involved in protein-protein interaction, 171–176 it likely plays a key role in regulating 

cleavage in vivo.170 There are further DNA contacts downstream of the H2TH motif on 

the α12 helix, some direct and others mediated by waters, which reconfigure slightly 

between the several crystal structures obtained.170 This region is not well conserved 

across species, but consistently contains polar residues. Notably lacking is a DNA 

binding domain upstream of the DNA, although the crystal structures have no more than 

two nucleotides upstream of the helical wedge, and thus the path of DNA in splayed ends 

and bubbles is not clear.170  

1.3.7 GEN1 

Gap endonuclease I (GEN1) is generally considered to be the Holiday junction resolvase, 

critical in recombination and homologous DNA repair pathways.184 Holliday junctions 

are essential for DNA recombination.185 The GEN1 orthologue in yeast is YEN1, and is 

necessary for resolving persistent junctions during meiosis in yeast when the alternative 

pathway through mus81 is deleted.184 While active in vitro on several substrates,134 it is 

believed that in vivo it acts exclusively in a dimeric form, both monomers binding to a 

Holiday junction, and the dual incisions made in concert to ensure proper Holiday 

junction resolution. Single molecule measurements have shown that on Holliday 

junctions, cleavage rarely occurs prior to dimer formation, and that GEN1 binds a single 

cleaved Holliday junction tighter than the uncleaved junction, adding a failsafe to 

incomplete Holliday junction resolution.186 



59 
 

The structure of GEN1 is similar to that of FEN1, sharing a similar β-sheet core. Notably 

in GEN1, like XPG, the cap is absent.187 There also is a large C-terminal extension which 

in crystal structures has been identified as a chromodomain (chromatin organizing 

domain).188 The H2TH domain is notably not dependent on K+, and the helical arch is no 

longer present as would be expected since it must pass a complete duplex in order to 

cleave the Holliday junction. Interestingly, the helical gateway is shifted down such that 

while the FEN1 architecture was compared to a left handed glove, GEN1 was compared 

to a downward facing right hand, notably, with the H2TH exchanging its assignment in 

the analogy from the palm in FEN1 to the finger in GEN1.121,188 The hydrophobic wedge 

remains prominent and helps to splay apart the junction, however, a second DNA binding 

motif is not clearly demonstrated in the crystal structures. The asymmetric unit of the 

post cleavage structure contains only one arm of the Holliday junction, and thus DNA 

bending is not clearly seen. However, extending at a 90° angle from the DNA duplex, is a 

prominent groove. A model was built inserting a DNA duplex into this groove, and 

another asymmetric unit positioned with this duplex to give a twofold axis of symmetry. 

The dimerization is expected to occur through the interaction of the α4, α5, and α14 

helixes. This model shows an arrangement of DNA such that the GEN1 dimer around the 

Holliday junction causes the arms of the junction to be oriented such that two are coaxial 

with each other, while the other two lie at right angle to each other and in the plane 

perpendicular to the two coaxial arms. Using a gel shift assay, the same configuration 

was predicted187 This splaying is akin to the bending seen in FEN1 and EXO1. It also 

would require the local distortion and unpairing of nucleotides at the junction itself, for 
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which ECCD with 2-AP at the relevant sites confirmed at least heavy distortion upon 

GEN1 binding.187 

1.3.8 Unifying Features of Structure Specific Nucleases 

Mechanistically, the presence of DNA bending in all the 5’ structure specific nucleases is 

striking.103,120,121,127,187,188 The distortion of the DNA is impossible for intact duplexes, 

and thus the positioning of the conserved H2TH and hydrophobic wedge ensures 

cleavage at a specific site. Thus distortion appears as a key means of probing or verifying 

the structure of the DNA without needing base pair specific contacts.121 This strategy is 

employed in a number of other structure specific nucleases such as FAN1189 and the 

Mus81-Eme1 complex,190 in addition, both DNA and RNA polymerases have been 

shown to significantly distort the DNA in a similar fashion.191,192 Secondly, the 5’ 

structure specific nucleases show great variability in the region sitting over the helical 

gateway, but while no structural elements are universal among them in this region, it is 

notable that all do seem to involve a disordered region, where structuring assembles the 

active site, and is key to defining substrate specificity. This even allowed Tsutakawa and 

Tainer to insert the helical arch of FEN1 into XPG, and give it the ability to process 5’ 

flaps, giving the chimera an activity similar to FEN1.121 Such an employment of a 

disorder to order transition is also seen in Mus81-Eme1 complex, and significant 

conformational change is also seen in RNA polymerase.193,194 Thus it appears that 

ordering and coupled enzyme substrate conformational changes are a general feature of 

substrate specific nucleases and related enzymes.    
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1.4 Single Molecule 

As mentioned before, single molecule experiments have been incredibly informative in 

understanding the kinetics of FEN1, and has been a method increasing in prominence in 

biophysical research. The first single molecule optical detection experiments began at the 

end of the 1980’s with the detection of single optical absorbers. True single molecule 

absorption was first achieved with ions in the gas phase.195 The use of chromophores and 

trapping/focusing techniques combined with attachment of multiple chromophores 

allowed for single viruses and proteins to be detected.196,197 In 1989, absorption of single 

molecules was measured in at liquid helium temperatures in sublimed cyrstals.198 

Subsequently, fluorescence of single molecules in the same system was measured in 

1990.199 That same year the first liquid phase detection of single rhodamine molecules 

occurred, observing individual molecules diffuse in and out the focal volume of a focused 

laser beam.200 Subsequent work was able to achieve single molecule detection of 

immobilized fluorophores at room temperatures using both near-field optical scanning 

microscopy(NSOM)201 and confocal microscopy techniques202 in 1993 and 1994, 

respectively. 

1.4.1 Microscope Resolution 

In the classical model, where light can be treated as a simple ray, an object or fluorophore 

scatters or emits light respectively, in all directions, and the combination of objective, 

tube, and eyepiece lenses focus all sources from the focal plane of the objective onto 

imaging plane of the eyepiece, creating a magnified image. In this model, microscope 

resolution would be defined by the size of the pixel on the camera. However, due to the 
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wave nature of light, this model is 

broken, and each scatterer or 

fluorophore diffracts onto to 

imaging plane according to the 

Airy function. 

Consider two sources of 

fluorescence or scatter in the field 

of view. Both will create Airy 

disks around their positions in the 

imaging plane, if they are far apart, 

both will be easily distinguished 

from one another (Figure 1.7A). 

However, as they move closer 

together the central peaks start to overlap, and the ability to define the position of the two 

points becomes more and more difficult(Figure 1.7B), eventually impossible(Figure 

1.7C), as the image becomes a single, smeared, ellipsoidal single peak. According to the 

Rayleigh criterion, the critical distance, and thus the resolution, at which two points 

cannot be distinguished is given by the following equation: 

 
𝐷 =

0.61𝜆

 𝑁𝐴
 

 
(4) 

For a standard brightfield microscope, where λ is the wavelength of light used to 

illuminate the sample, and NA is the numerical aperture, and is defined by the following 

equation: 

Figure 1.7 Simulated images of two point sources, 

airy function approximated by Gaussian. Top 

frames show a plot of x position versus intensity, 

bottom shows 2D image. A) Point sources are well 

separated, and PSF have almost no overlap, and 

position is easily defined B) Intermediate case, two 

sources are close, and thus PSF begin to merge, 

however, one can still define the location of both C) 

Two point sources are too close for positions to be 

resolved, and image appears as elongated single 

spot 
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 𝑁𝐴 = 𝑛 sin 𝜃 (5) 

Where n is the refractive index of the immersion medium of the objective, and θ is half 

the cone angle of light created by the objective.203 Since objectives are designed with 

specific immersion mediums in mind, the NA of the objective is usually provided by the 

manufacturer, instead of n and θ. For confocal microscopy, where the excitation laser is 

focused by the objective to the focal spot, equation 1 defines the lateral size of the 

diffraction limited focus. 

1.4.2 Signal to Background 

Single molecule detection relies on the ability to a) isolate the individual molecules, and 

b) reduce noise and increase the molecular signal such that the signal to noise ratio allows 

discrimination of the behavior of individual molecules. The first condition is generally 

achieved by dilution, such that individual molecules can be distinguished spatially. The 

second condition has been the more technically challenging. Microscopes must be well 

shielded from stray light, but much more is required. While the first single molecule 

detection was first achieved using absorption,198 fluorescence is, and has been the almost 

exclusive means of single molecule detection, because fluorescent photons can easily be 

discriminated from scattered photons by their wavelength,197,204 thus the second condition 

of adequate signal to noise ratio is much more easily achieved using fluorescence. 

Nonetheless, development of high sensitivity, low noise detectors, as well as fluorescent 

filters with sharp band cut-offs were required before true single molecule observation 

could be achieved.  

The theoretical signal to noise ratio can be expressed in the following equation:204 
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𝑆𝑁𝑅 =  
𝐷𝜙𝐹 (

𝜎𝑝

𝐴 ) (
𝑃0

ℎ𝜈
) 𝑇

√(
𝐷𝜙𝐹𝜎𝑝𝑃0𝑇

𝐴ℎ𝜈
) + 𝐶𝑏𝑃0𝑇 + 𝑁𝑑𝑇

 
(6) 

Where D is the so called instrument detection factor, a measure of how effectively the 

instrument detects fluorescent photons, which depends both on the optical collection 

efficiency, detector quantum efficiency, and the transmission of filters.  ϕF is the 

fluorescent quantum yield of the fluorophore, σp is the absorption cross section of the 

fluorophore. A is the area over which the excitation light (usually a laser) is distributed. 

(P0/hν) is the number of incident photons. T is time interval for which photons are 

detected for a single frame or bin. Cb is the background count rate per watt of excitation, 

and Nd is the dark count rate. 

Simplification of equation (6) will help better explain the individual effects. The 

numerator, 𝐷𝜙𝐹 (
𝜎𝑝

𝐴
) (

𝑃0

ℎ𝜈
) 𝑇 is the signal intensity, that is, the overall count rate on the 

detector in the absence of background or noise. Next, observe that under the radical in the 

denominator, we observe this same expression again, with the addition of CbP0T+NdT. 

This additional expression represents the total counts from background and dark noise 

together. Background being photons from the excitation source that were not removed by 

filters, which scales with excitation power, while dark noise is a factor independent of 

excitation power, resulting from thermal and other fluctuations in the detector that cause 

it to give non-zero intensity in complete darkness. 

Thus, we can simplify equation (6) to be: 

 
𝑆𝑁𝑅 =

𝑆

√𝑆 + 𝐵
 (7) 
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Where 𝑆 =  𝐷𝜙𝐹 (
𝜎𝑝

𝐴
) (

𝑃0

ℎ𝜈
) 𝑇 and  𝐵 =  𝐶𝑏𝑃0𝑇 + 𝑁𝑑𝑇 . S representing signal and B 

representing background. Therefore, assuming negligible background, SNR is 

proportional to the square root of the total signal, for instance, if 100 photons were 

detected in a given time interval, one would expect the best signal to noise ratio 

obtainable to be 1:10, though background will make the actual SNR somewhat worse. 

1.4.3 FRET Theory 

Förster resonance energy transfer (FRET) is a phenomenon first described in the 1950s 

by its namesake, Theodor Förster.205 He helped develop a theoretical basis for the 

radiationless energy transfer between fluorescent molecules in solution. At this time it 

had been observed that dilute mixtures of two fluorophores could be excited with a 

wavelength at which only one fluorophore was sensitive, and show fluorescence at 

wavelengths corresponding to the other. Förster developed the following explanation: 

when an electron in one fluorophore, called the donor is excited to the first excited singlet 

state, if another fluorophore, called the acceptor is in close proximity (usually <8nm) the 

donor can relax by transferring energy to the acceptor resulting in the acceptor being in 

its first excited singlet state (Figure 1.8). This second fluorophore can then relax by 

emission of a photon. Thus the fluorescence of the 

second fluorophore in the dilute solution can be 

explained by means of said energy transfer.205 

Other pathways of relaxation still exist, thus the 

efficiency of energy transfer is never 100%. 

Furthermore, as pathways other than fluorescence 

Figure 1.8 Diagram of energy 

levels involved in FRET 
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exist for the acceptor fluorophore, this energy 

transfer can also result in quenching of 

fluorescence, as the acceptor can receive energy 

and relax without emitting a photon. 

 Förster showed that this energy transfer was a 

result of the interaction of the transition dipoles of 

the two fluorophores, and thus the rate of energy 

transfer depended on a number of factors, 

including the relative orientation of the dipoles, 

the spectral overlap of the fluorophores, and a 

combination of the refractive index of the medium 

and the relative distance between the two fluorophores. In 1967, Stryer and Haugland 

demonstrated that FRET can serve as a “molecular ruler,” due to the dependence of the 

transfer rate on distance,206  

Energy transfer is most favorable when the emission spectrum of the donor most closely 

matches the absorption spectrum of the acceptor. As this means the relaxation energy of 

the donor and the excitation energy of the acceptor have significant overlap. 

Mathematically, this is represented by the overlap integral, J:207 

 
𝐽 = ∫ 𝐹𝐷(𝜆) ∙ 𝜀𝐴(𝜆) ∙ 𝜆4𝑑𝜆

∞

0

 (8) 

Where FD(λ) is the fluorescent spectrum of the donor fluorophore, normalized such that 

the total area of the spectrum is one, and εA(λ) is  the absorption spectrum, expressed as 

molar extinction coefficient at each wavelength. Additionally, since the transfer occurs 

Figure 1.9 Diagram showing 

relevant angles and distances for 

defining FRET. Donor dipole is 

represented in in light green, and 

acceptor in dark red. 𝑅ሬറ is the 

vector connecting the 

fluorphores. θD and θA are the 

angles subtended by 𝑅ሬറ and the 

donor and acceptor dipoles 

respectively, while θT is the 

angle subtended by the donor 

and acceptor dipoles. The length 

of 𝑅ሬറ is r. 
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due to an interaction of the transition dipoles of both fluorophores, the transfer rate will 

depend on the relative orientation of the two dipoles, as well as their distance from one 

another. The orientation is quantified by the orientation factor κ: 

 κ2 = (cos 𝜃𝑇 − 3 cos 𝜃𝐷 cos 𝜃𝐴)2 (9) 

Where θT describes the angle between the direction of the dipoles and θD and θA are 

defined as the angle between the donor or acceptor dipoles, respectively, and the line that 

intersects the points of both (Figure 1.9). Simple examination of this formula will show 

that for dipoles at right angles to each other, κ2=0 and so no FRET will occur, and for 

dipoles projecting along the same line, a “head to tail” arrangement κ2 =4, and 

arrangements are possible for κ2 anywhere between these two extreme cases. 

For molecules rotating near or faster than the fluorescent lifetimes of the fluorophores, 

the integral over all configurations occupied must be taken to obtain κ2. In bulk samples, 

the averaging of static but randomly oriented fluorophores must also be included. For 

freely rotating fluorophores, κ2=2/3 since most fluorescent labels are attached by flexible 

linkers to either DNA or protein, κ2=2/3 is a common starting assumption in FRET, 

especially when the experiment does not call for rigorous or absolute knowledge of 

distance. This is an approximation, however, and if it is important to know the true 

absolute distance between the fluorophores, κ2 should be determined experimentally, 

usually by means of fluorescence anisotropy or time-resolved fluorescent anisotropy.  

Including the distance, one obtains the following formula for the transfer rate: 

 

 

𝑘𝐹𝑅𝐸𝑇 = 8.79 × 10−5
𝜑𝐷,0 ∙ 𝜅2 ∙ 𝐽

𝜏𝐷,0 ∙ 𝑟6 ∙ 𝑛4
 (10) 
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Where kFRET is the rate of energy transfer, φD,0 is the quantum yield, and τD,0 is the 

fluorescent lifetime of the donor in the absence of the acceptor.  

By collecting all non-distance terms into a constant, it can be shown that the transfer rate 

varies with the sixth power of distance: 

 
𝑘𝐹𝑅𝐸𝑇 = (

𝑅0

𝑟
)

6

∙
1

𝜏𝐷,0
 (11) 

Where R0
6 is 

 

 

𝑅𝑜
6 = 8.79 × 10−5 ∙

𝜑𝐷,0 ∙ 𝜅2 ∙ 𝐽

𝑛4
 (12) 

Rewriting this equation to solve for the efficiency of the transfer, one obtains the 

following equation:207 

 

 

𝐸 =  
𝑅𝑜

6

𝑅𝑜
6 + 𝑟6

 (13) 

Where E is the transfer efficiency: 

 

 

𝐸 =  
𝐼𝑎

𝐼𝑎 + 𝐼𝑑
 

(14) 

Where Id and Ia are the intensities of donor and acceptor fluorescence emission 

respectively. 

Thus given knowledge of R0
6, it is possible to determine the distance between donor and 

acceptor based on the ratio of photons emitted by donor and acceptor molecules. 

1.4.4 FRET and Single Molecule Biology 

Ha and Weiss were the first to conclusively demonstrate that it was possible to observe 

individual pairs of molecules undergoing FRET in 1996.24 They created individual static 
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FRET pairs by creating 10 and 20 bp DNA duplexes, with both strands labeled on their 5’ 

ends with Tetramethylrhodamine as the donor fluorophore and Texas red as the acceptor 

fluorophore. Mixtures of these duplexes were deposited on glass surfaces. Using NSOM 

they confirmed observation of individual pairs of molecules undergoing FRET, by 

observing the single step photobleaching of acceptor molecules, resulting in elimination 

of acceptor signal and rise in donor emission. 

This study opened the door for single molecule FRET experimentation. Because FRET 

can report on distance, it has found numerous applications in probing conformations of 

biological molecules.52,132,208–213 This has taken the form of both immobilized, usually 

camera based methods52,132,210,211, or in solution, using confocal based 

methods.208,209,212,213  

Prior to 2017, with our own publication,53 all single molecule work on FEN1 was carried 

out using camera based methods. DNA was labeled with a FRET pair, and immobilized 

onto a coverslip surface, and illuminated with total internal reflection geometry (TIR). 

Upon addition of FEN1, observation of bending was detectable by the change in the 

relative intensities of the spots on both channels from the CCD camera.52,132 In another 

study, DNA with a single donor Cy3 fluorophore was deposited on a glass surface, and 

the DNA clamp, β-clamp, was labeled with an acceptor Cy5 fluorophore. β-clamp is 

loaded onto DNA by another protein complex, called the γ/τ complex, a clamp loader. 

FRET signals transitioned from an efficiency near 0, to an initial state of 0.69, and then to 

0.77, and finally returning back to 0. The sequence of 0.69 always giving way to 0.77 

was interpreted as the clamp undergoing an opening followed by closing induced by the 
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clamp loader complex. The FRET returned to 0 after loading because once the clamp was 

released, it would diffuse off the DNA quickly.211 

In solution phase, FRET experiments rely on single molecules diffusing in and out of the 

focal volume. These create short bursts, which can be analyzed and made into histograms 

of FRET efficiencies.214 This method is useful for separating states in thermodynamic 

equilibrium. 

These burst histograms have been applied to studies of protein folding.213 Particularly, the 

effect of denaturant was studied by observing the collapse of the unfolded state at 

decreasing denaturant concentrations. This was later extended, using a fast mixer, which 

coupled spatial and temporal distance after mixing. Protein in high denaturant was 

quickly diluted, and by moving the focal volume to different points in the outlet stream, 

the collapse of the unfolded state with time could be more directly observed.208 

1.4.5 Photon Statistics, Burst Variance Analysis 

Burst histograms are a computationally inexpensive way of analyzing photon arrival 

streams of freely diffusing FRET labeled systems, however, by disregarding the arrival 

times and the exact order of photon arrival within a given burst, much data is lost in the 

histogram. Several methods and groups have sought to derive more and information from 

the photon arrival sequence. Two methods, the burst variance analysis215 (BVA) and the 

two-kernel density estimator216 (2-CDE) create 2-D histograms both seek to reveal the 

potential of hidden dynamics by using variance, and kernel density respectively on the 

photon data within a burst to reveal the potential of hidden dynamics. 
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In BVA, each burst is split into sub-bursts of an arbitrary number of photons, n, each. 

From each burst, the PR is calculated, and then the standard deviation of PR for each 

burst is then calculated, as in equation (15): 

 

 
𝑠𝑖 = √

1

𝑀𝑖
∑(𝜀𝑖𝑗 − 𝜇𝑖)

2

𝑀𝑖

𝑗=1

 where 𝜇𝑖 =
1

𝑀𝑖
∑ 𝜀𝑖𝑗

𝑀𝑖

𝑗=1

 (15) 

Where Mi is the total number of sub-bursts in burst i the population, and εij is proximity 

ratio of the jth sub-burst in burst i.   

Bursts can then be plotted on a 2-D heatmap or histogram with the proximity ratio on the 

X axis, and the standard deviation, s, on the Y axis.  

If there are no hidden dynamics within the burst, photons are expected to follow a 

stochastic distribution, and thus the variance should lie along the semicircle defined by:  

 

 
𝜎𝑃𝑅 = √

𝑃𝑅(1 − 𝑃𝑅)

𝑛
 (16) 

If a population of bursts lies above this semicircle, it is an indication of hidden dynamics: 

that is that the FRET population cannot be represented by a single, static FRET state. 

2-CDE works on a more complicated photon-by-photon kernel analysis, of which, a 

higher value indicated a higher potential for hidden dynamics.216 Unlike BVA, the two-

kernel density estimator’s value is not dependent on the proximity ratio, thus if a 

population of any PR is above the threshold for hidden dynamics, it can be considered to 

have hidden dynamics. This threshold however, lacks a mathematically rigorous 

definition, and thus the choice is somewhat arbitrary, making interpretation more difficult 

compared to BVA, for which a threshold is rigorously defined. The one detractor for 



72 
 

BVA however, is that its sensitivity is limited by the sub-burst size n, thus, dynamics 

faster than the duration of the sub-burst size may not be detected, while 2-CDE is only 

limited by the interphoton time.   

1.4.6 Photon by Photon Hidden Markov Processing 

Schuler and coworkers catalogued individual photon arrival times, and used to calculate 

the autocorrelation function of arrival times. Coupling autocorrelation in donor and 

acceptor channels, down to the nanosecond timescale, an estimate of polypeptide chain 

reconfiguration time was determined.212 This required the setup to use two APDs for both 

channels to avoid the dead-time limitations of APDs. This approach was called 

nanosecond Fluorescence Correlation Spectroscopy (nsFCS).212,217,218 

Gopich and Pirchi have developed an equations for analyzing data from experimental 

conditions and data acquisition settings identical to those used traditional burst 

histograms, and analyzing the sequence of photons according to a hidden Markov model, 

generating a log likelihood value for a given model and data set.219,220 By running this 

calculation on multiple models and scanning through a parameter, models, and especially 

particular transition rates can be estimated. Further work derived additional equations that 

allowed for iterative optimization, starting from an initial guess model, and then 

proposing a better model, calculating log likelihood and repeating until the log likelihood 

does not improve.221 

H2MM optimizes the log likelihood of a value, while in most cases the Bayesian 

Information Criterion (BIC) is usually used to identify the ideal model of data from 

several different multi-state models. 222–225 BIC is defined as: 



73 
 

 𝐵𝐼𝐶 =  −2𝐿𝐿 + 𝐾 ln(𝑛) (17) 

  𝐾 = 𝑞2 + 𝑞 − 1  

 

(18) 

Were LL is the log likelihood, K is the number of free variables, and n number of data 

points being fit. Where n is the number of photons in the set, and q is the number of states 

in the model. 

However, this classical BIC is not sufficient for H2MM analysis, as it will almost 

universally choose the highest state model, as was found by Lerner et. al. therefore, he 

developed a modified BIC, a BIC’, that was able to properly discriminate between 

different numbers of states in fitting the data. This BIC’ is defined as: 

 

 

𝐵𝐼𝐶′(𝑞) =
∆𝐵𝐼𝐶(𝑞)

𝑛 − 𝐾
 

(19) 

∆𝐵𝐼𝐶(𝑞) =   𝐵𝐼𝐶(𝑞) − 𝑚𝑖𝑛𝑝=1
4 {𝐵𝐼𝐶(𝑝)} 

Lerner et. al. found that the once BIC’ was less than 0.005, the model could be considered 

converged, that is the model with the least number of states and a BIC’ less than 0.005 

was the ideal model, statistically speaking.193 

1.5 Objectives 

  My objective in this research is to advance the use of single molecule methods for 

understanding protein and DNA dynamics. In particular I am interested in understanding 

the kinetics of FEN1 binding and discriminating DNA structures, and the underlying 

dynamics of FEN1’s cognate substrate and those similar DNA structures that FEN1 can 

discriminate against. 
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Chapter 2 Methods 

2.1 Confocal 

All single molecule experiments were performed on a home built confocal 

epifluorescence microscope (Figure 2.1), based on the design of the MT200 microscope 

from PicoQuant. PicoQuant supplied a laser combining unit, equipped with 5 of their 

lasers, with wavelengths of 440nm, 480nm, 532nm (50 MHz repetition, pulse <100ps 

LDH-P- FA-530L, PicoQuant), 590nm, 640nm driven by a Sepia II laser driver. The laser 

was coupled into a single mode polarization maintaining fiber. At the beam launch, a 

Figure 2.1 A) Schematic diagram of beam path and optical elements in confocal 

microscope, grey elements indicate elements of microscope unused in our 

experiments B) Image of detection path C) Image of excitation path 
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nearly Gaussian, collimated laser profile was created. In order to ensure a perfectly 

circularly polarized beam at the objective, a Glan laser polarizer and Berek compensator 

were inserted into the beam path. A spatial filter equipped with a 30µm pinhole was used 

to create a perfectly Gaussian beam profile that filled the back aperture of the objective. 

The microscope body is an Olympus IX71. The beam is reflected into the objective by a 

532nm long pass dichroic mirror (Di02 R532-25×36, Semrock Inc.) for all experiments 

using single laser excitation. In the final set of experiments, where pulsed interleaved 

excitation (PIE) was used, this mirror was replaced with a multi band pass dichroic 

mirror (Di01-R405/488/532/635-25x36 Semrock Inc.). For solution phase experiments, a 

60× 1.2NA water immersion objective was used (UPLSAPO60XW NA1.2, Olympus), 

while for experiments conducted on surface immobilized molecules, a 100× 1.4NA oil 

immersion objective was used (UPLSAPO100XO NA 1.4 Olympus).  

The tube lens of the microscope was used to focus the fluorescent light onto a 100µm 

pinhole, and the light was recolumnated sing a lens. Scattered laser light was removed 

using a long pass filter (BLP01-532R-25, Semrock Inc.). Donor and acceptor 

fluorescence was separated into two channels using a second dichroic mirror, (FF635-

Di01-25×36, Semrock Inc.). The donor channel was equipped with a band pass filter 

(FF01-580/60-25-D, Semrock Inc.), and acceptor channel was equipped with a long pass 

filter (LP02-664RU-25, Semrock Inc.) to further clean the channels of photons not from 

the donor or acceptor respectively. In each channel, after the fluorescence filter, the light 

was focused onto single-photon avalanche photodiodes (SPAD)(τ-SPAD, PicoQuant). 

SPADs were connected to a HydraHarp 400 (Picquant) time-correlated single photon 

counting (TCSPC) module running in time-tagged time-resolved (TTTR) mode. The 
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HydraHarp also received a sync signal from the SepiaII, allowing for recording of the 

arrival time of photons with respect to the laser pulse, and thus allowed for observation of 

fluorescent lifetime. 

The objective was mounted on a piezoelectric scanner, (P-733.2CL, driven by the E-

710.4CL control module Precision Instruments), which allowed for the objective to be 

scanned within an 80µm by 80µm square, with up to 0.01 µm resolution. This allowed 

for acquisition of images by scanning the objective, and later for positioning of focus 

under molecules of interest once the sample was scanned. 

Figure 2.2 Determination of confocal microscope resolution with fluorescent bead. 

A) FLIM image of bead B) Y cross section of point spread function C) X cross 

section of point spread function D) table of parameters of Gaussian fits of X and Y 

cross sections of point spread function 
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All data acquisition was performed using the software package SymPhoTime from 

Picoquant. SymPhoTime was able to control laser pulsing, objective scanning, and read 

data from the TCSPC module. The SymPhoTime software records all photon arrival time 

TTTR/TCSPC data in the proprietary .ptu format. 

Point spread function was checked using fluorescent beads (EnvyGreen 0.06µm 

diameter, Bangs Labs), in order to confirm near diffraction limited spot size. Beads were 

immobilized on coverslip surface by spincoating a dilute mixture of beads in 1% 

polyvinyl alcohol onto the coverslip. The built in script in SymPhoTime was used, and 

the fit is show in Figure 2.2. As can be seen, the full width half maxiumu (FWHM) is 

305.7±8.5nm along the X axis, and 232.9±6.3nm along the Y axis. Indicating near 

optimal alignment based on equation 4 the optimal resolution would be 231.8nm 

2.2 Immobilized 

2.2.1 Immobilized Flow Cells 

Flow cells were constructed either using sticky-Slide VI0.4 microfluidic chambers (ibidi 

GmbH) with biotin-PEG (polyethylene glycol) functionalized cover slip, or using 

handmade flow cells, which were constructed by sandwiching polyethylene spacer 

(100μm thick polyethylene double-sided spacer SA-S-1L from Grace Biolabs) between 

biotin-PEG functionalized coverslip and a glass slide with holes drilled through the top to 

allow for fluid exchange. Handmade flow cells were then sealed using epoxy glue. Prior 

to experiments, cells were loaded with neutravidin. This was done by flowing in 200µL 

of standard buffer without BSA, followed by a wash with 200µL of the same buffer 

without neutravidin. DNA was then loaded by flowing in another 200µL buffer 

containing BSA, and the appropriate DNA substrate. This was followed by a final wash 
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with 200µL of buffer containing no DNA. 200µL of oxygen scavenging system buffer 

was then flowed over the flow cell. At this point the flow cell was ready for imaging. 

2.2.2 Immobilized Trace Acquisition 

Immobilized traces (Figure 2.3) were acquired by first scanning a 10x10µm region of the 

coverslip in imaging mode in order to identify the coordinates of molecules, which were 

picked manually. The image generated from the acceptor channel was used to ensure 

most molecules observed were molecules with an active acceptor (i.e. not missing or 

bleached). Additionally, in order to disregard autofluorescence and other impurities that 

occasionally appeared, fluorescence lifetime imaging microscopy (FLIM) was used, and 

only molecules with fluorescent lifetimes between approximately 1ns and 3ns were used. 

The microscope then moved sequentially through the picked coordinates, dwelling for 

10s at each point before moving on to the next. Once one frame was finished, the 

procedure of imaging and picking points was repeated, with a new region of the coverslip 

being imaged, generally a striped pattern was used, starting at the one corner, and 

advancing down the x axis until the end of the range of the scanner was reached in the x 

direction, and then advancing down the y axis to cover another row along the x axis. 

2.2.3 Immobilized Trace Processing 

In order to generate usable traces from the immobilized data, first traces were opened 

using the FRET script in SymPhoTime, and bin size was set to 5ms, and program was set 

to only count photons arriving within a relevant time after the laser pulse based on the 

TCSPC histogram, and disregarding photons arriving at times too long after the laser 

pulse based on fluorescent lifetime. The donor and acceptor traces were then generated. 

Since many traces were actually of impurities, or the acceptor bleached during imaging,  
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Figure 2.3 A) Diagram of immobilized trace acquisition and data processing B-D,F,G) 

Different visualizations of same frame of immobilized molecules in immobilized FRET 

experiment, in this case FEN1 with single flap 6-0 DNA. B) Raw intensity of donor and 

acceptor channels together C) FLIM image, of sum of donor and acceptor channels where 

brightness is represented by pixel brightness, and lifetime represented by color, with blue 

being the shortest lifetime, and red the longest. D) Donor (green) and Acceptor (red) 

images overlaid on each other. F) FLIM image of acceptor channel only G) FRET image, 

blue highest E, red lowest E. E) Lifetime and FRET statistics of all pixels with total photon 

intensity greater than 10, note that the FRET histogram appears as a broadened version of 

immobilized FRET histograms, with the addition of the donor only peak, which is removed 

by selecting only the time interval in an immobilized trace before acceptor bleaching 
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or the microscope had defocused during trace acquisition, not all traces were included. If 

trace had sufficient intensity and had an active acceptor, then donor and acceptor traces 

would be exported as individual files. A custom written Matlab script was used to 

generate traces and histograms from the individual traces. In the Matlab script, time 

regions for each trace were defined in order to exclude bleaching, and then the FRET 

values of each bin within the regions of interest were histogramed. Finally, this script was 

used to export the regions of interest into individual HaMMy readable files. 

HaMMy,226 a program for Hidden Markov Modelling developed by the Ha group, was 

then used to fit the FRET trajectories to a multistate model. Another custom Matlab script 

was used to aggregate the results of each HaMMy fit and generate a list of dwell times 

for each state, this list was then exported into Origin, binned, and the histogram fit to an 

exponential decay. 

2.3 Diffusion Based Measurements 

During the course of this research, reliability and quality of burst data acquisition was 

continuously improved. Initial data, primarily from chapter three were taken at 

concentrations were too high and likely suffer from ensemble averaging, though, as will 

be discussed, this should not affect their qualitative interpretation. The following sections 

describe the two primary ways in which diffusion data was taken and processed, the first 

was with mostly less than ideal conditions, and the second details the second primary set 

of conditions that gave much improved results. Factors will describe how different 

choices made things more or less ideal. 
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2.3.1 Early Diffusion Based Acquisition Parameters 

Early data sets, those for identifying bent states and binding constants of FEN1 were 

acquired in flow cells constructed by first PEGylating 24×60 and 24×24mm coverslips, 

and then cutting channels in a piece of parafilm sized to match the 24x60mm coverslip, 

and finally sandwiching the parafilm between the coverslips and sealing by placing the 

sandwich on a hotplate. Each channel generally held between 5 µL and 10µL. Solutions 

would automatically be drawn into the channels by capillary action, and channels could 

be flushed of buffer by injecting solution from once side with a micropipette, and 

vacuuming from the opposite side. Diluted DNA solution and FEN1 stock solutions were 

added directly to buffer A, and then flowed onto the flow cell. Generally 50µL volumes 

were prepared. When flowed onto the flow cell, this was generally enough to change the 

solutions, however, when changing protein, between experimental conditions, cells were 

washed with 200µL 1M KCl followed by 200µL milliQ H2O to ensure no protein from 

previous conditions remained. Similar procedure was followed when moving from very 

high protein concentration to low, as FEN1 appears to weakly adsorb to the surface, 

despite the inclusion of BSA. These solutions were observed for 15 minutes as flow cells 

could not be sealed to prevent evaporation. To limit evaporation, after placing on the 

microscope, and positioning the focus a few µm above the lower coverslip in the 

solution, a droplet of milliQ H2O was placed on top of the upper coverslip and a small 

plastic cover placed over the chamber.  
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Earlier data was analyzed with a built in SymPhoTime script. The script first generates a 

time trace of the data, binning it into time intervals of a user selected value, in histograms 

prior to 2019 (in chapter 3), a bin size of 0.5ms was used. The fluorescent lifetime 

histogram was also used to set a time interval relative to the laser pulse by which to 

exclude photons arriving too long after laser pulse. Once the time trace was generated, 

the script searched for bursts, bins with greater than a user defined number of total 

Figure 2.4 Schematic detailing burst histogram acquisition, raw trace, and 

data processing. 
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photons in the donor and acceptor channels. For this these data sets, 35 photons was the 

threshold used. From these bursts, the script outputted the FRET burst histogram (Figure 

2.4). 

2.3.1.1 Substrate Designs 

2.3.2 Final Refined Diffusion Based Acquisitions Parameters 

Later data sets were acquired by preparing 200 µL of solution, and then loading 50µL of 

solution into ibidi flow cells (Ibibi µ-Slide VI0.1 cat. No. 80661), adding 1µL of 

appropriate DNA substrate dilution, mixing, and sealing the luer lock connections of the 

flow cell with parafilm to prevent evaporation and allow for multiple hours of 

observation with only limited evaporation. The buffer conditions were 50mM (4-(2-

hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) pH 7.5 (from 1M stock), with 

2mM dithiothreitol (DTT) and 2mM Trolox solution, from 100mM stock prepared in 

Figure 2.5 Schematic designs of all elements of substrate. Oligos are all aligned to show 

base paired and non-base pared sections of DNA 
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house, as detailed in section 2.3.3, 2M KCl and 1M  or 10mM stocks MgCl2 were added 

to the achieve desired concentration. Generally data sets were acquired for 1 hour. 

Focusing was performed as before, positioning the focal volume a few µm above the 

lower surface in the coverslip. These were also acquired using PIE,227 with the pulse rate 

of each laser set to 50MHz, and excitation power measured at the objective to be 100µW 

for the 532nm laser, and 50µW for the 632nM laser. This proved to be immensely useful, 

as it allowed for separation of acceptor only bursts from FRET DNA molecules, and even 

allowed detection of acceptor only molecules. The donor and acceptor only populations 

were therefore able to be used to calculate the leakage and direct excitation parameters 

respectively of the setup up from in situ data. This data, along with lifetime for the donor 

only and FRETing population can also be used to calculate the γ factor, assuming the 

FRET population is not dynamic, by comparing the PR with the decrease in lifetime of 

the donor.  

This diffusion based data was processed by importing the .ptu data file using the python 

package PHconvert, converting the data in the .hdf5 format, and then analyzed with 

FRETbursts python package.228 This allowed for much more intensive analysis of the raw 

data, and control in selecting bursts. FRETbursts selects bursts in multiple rounds of 

filtering. Initial burst selection identified bursts with a minimum of m=10 photons where 

the count-rate F=6 times greater than the background count rate. Further refinements of 

bursts was done by filtering bursts with fewer than 50 total photons. Final selection of 

bursts was performed using the burst-search-and-gate algorithm, requiring m=10 photons 

and F=6 times the signal to background in both donor excitation and acceptor excitation 

channels.  
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2.3.2.1 DNA Substrates 

DNA sequences (see Appendix A for full 

sequences) for H2MM were designed to be 

modular, and named for easy labeling and 

clear understanding of selection. Naming 

follows the formula of a letter followed by 

a number. The letter code indicates the 

“function” of the sequence, and the 

number’s function is defined by the letter 

code, but generally is indicative of how 

many nucleotides have been added or 

removed from a “0” number of 

nucleotides. The T letter code indicates the 

template strand, this is one of the few 

exceptions to the number code to 

nucleotide rule. T1 is the usual sequence, 

while T2 contains 2 abasic sites in the center, but is otherwise identical. T1 is used in all 

substrates except the 2 nucleotide abasic sequence. The T letter code represents a main 

exception to the number to nucleotide paradigm. G and P letter codes are the 5’ and 3’ 

ends of the non-template strands respectively. When G0 and P0 are paired with the T1 

template, the result is a nicked DNA, with the labels being positioned each 9nt away from 

the nick position. For P and G oligos, the number indicates how many of the 8 
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nucleotides 3’ or 5’ for P and G respectively have been removed to create the gap. 

Generally the gap was made as symmetric around the nick as possible.  

2.3.2.2 DNA Substrate Preparation 

The protocol for labeling the G and P oligonucleotides was modified from the Cold 

Springs Harbor Protocol.229 7.5µL of freshly prepared and 100µm filtered 100mM 

NaHCO3 solution was mixed with 1.5µL of 1mM oligo dissolved in diethylpyrocarbonate 

(DPEC) treated RNase free water, and 1.5µL of 5mM Atto532 or 5mM Atto647N 

dissolved in dimethyl sulfoxide (DMSO) for P and G oligonucleotides respectively. 

Solutions were allowed to react overnight at 10°C in the dark with constant shaking. 

DNA was then precipitated by adding 3µL 5M NaCl and 30µL ice cold 96% ethanol. The 

reactions were then put in -30°C for 30 minutes to 1 hour, followed by centrifugation at 

13000rcf and 4°C for 1 hour. Supernatant was then removed, and pellets washed 3 more 

times, once with 50µL 70% ice cold ethanol, and twice with 96% ice cold ethanol. Pellets 

were then dried in a vacuum desiccator, and redissolved in 12µL of 50mM HEPES pH 

7.5, 10mM KCl, 0.1mM Ethylenediaminetetraacetic acid (EDTA). The final DNA 

concentration and labeling efficiency was then measured with UV-Vis spectroscopy, 

using 30x or 60x diluted samples, and 260nm extinction coefficient provided by IDT and 

532nm or 647nm extinction coefficients from Atto-Tec for Atto532 or Atto647N 

respectively. If not used immediately, labeled oligo solutions were stored in -30°C 

covered in aluminum foil.  

Substrate assembly was conducted by mixing appropriate DNA oligos at a ratio of 

1:1.5:1.5 T:P:G respectively. It is important that the P and G oligonucleotides are in 

excess compared to the template, however, it was found that as long as there was an 
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excess of 1.5, further excess proved to not increase yield or improve substrate quality. 

1µL of 100mM T1 was used, and appropriate volumes of P and G nucleotides were used, 

and final volume of reaction was brought to 10µL with 50mM HEPES pH 7.5, 10mM 

KCl, 0.1mM EDTA. This solution was then heated to 96°C for 3 minutes and cooled to 

4°over the course of 1.5 hours in a thermocycler. 10µL of 60% Sucrose solution was then 

added as a loading buffer, and then the solution was run on a 6% Nu-PAGE gel for 30 

minutes at default settings (150V constant Amps) Bands were usually visible with 

ambient light, and so were cut from the gel, ground in a 2mL gas chromatography mass 

spectrometry (GCMS) vial with a micropipette tip, and then eluted for 15-30 minutes 

with 200 µL 50mM HEPES pH 7.5, 10mM KCl, 0.5 ethylene diamine tetra acetate 

(EDTA). This was then serially diluted in identical buffer to appropriate concentration for 

single molecule work. Usually the stock solution was of a concentration appropriate for 

1:200 dilution to make single molecule data. 

2.3.3 Trolox preparation  

Trolox was prepared by first dissolving 25mg trolox in 100μL ethanol, followed by 

addition of milliQ water to around 700μL. Some trolox would precipitate, and 1M NaOH 

would be added in 10μL increments followed by vortexing until all trolox was redisolved 

and final volume adjusted to 1mL with milliQ water. 

2.4 Burst Variance Analysis 

Data sets for studying DNA dynamics were analyzed not only with traditional FRET 

histograms, but also with the extended method know as Burst Variance Analysis 

(BVA).193,194,215 In this work, BVA was performed after bursts were selected with the 

dual-burst-search-and-gate algorithm and bursts with greater than 25 photons in both 
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donor and acceptor excitation channels, using sliding windows of m=10 photons with 

count rates F=6 times the background count rate as delimiters for burst search in both 

channels. In this work a sub-burst size of n=5 was always used. All BVA was 

implemented with FRETbursts in Jupyter notebooks.228  

2.5 Photon by Photon H2MM 

The same burst selection process was used to define data sets for H2MM analysis221 as 

those used of BVA, after burst selection in Jupyter notebooks for BVA was performed, 

photon arrival times for each burst were exported into a .csv file which was then read into 

matlab with built in functions. Each burst was contained in an individual element of a cell 

array, each burst being an Nx2 matrix, N being the number of photons in the burst. The 

first column contained the photon arrival time in increments of 50ns, the pulse rate of the 

laser, and the second column contained the channel in which the photon arrived. 

H2MM analysis was done by fitting to 1, 2, 3 and 4 state models. Initiation variables are 

shown in Table 2.1. Interpretation of the results employed “practical” analysis, looking at 

the results of the different models and eliminating those which theoretically do not make 

physical sense, and using the modified BIC, BIC’ (equation 19) developed by Lerner et. 

al.193. 

All data analysis of H2MM results was performed using Matlab scripts incorporating the 

unmodified functions of Pirchi et. al.221 for all essential data processing. 
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Table 2.1 Initial values used for H2MM optimization, time resolution 20MHz 

 Prior Trans Obs 

1 [1] [1] [0.4 0.6] 

2 [0.5 0.5] [
1 1𝑒 − 5

1𝑒 − 5 1
] [

0.1 0.9
0.51 0.49

] 

3 [0.1 0.45 0.45] [
1 1𝑒 − 6 1𝑒 − 8

1𝑒 − 7 1 1𝑒 − 7
1𝑒 − 8 1𝑒 − 7 1

] [
0.1 0.9
0.6 0.4
0.4 0.6

] 

4 [0.2 0.25 0.25 0.25] [

1 1𝑒 − 6 1𝑒 − 8 1𝑒 − 8
1𝑒 − 7 1 1𝑒 − 7 1𝑒 − 7
1𝑒 − 7 1𝑒 − 7 1 1𝑒 − 7
1𝑒 − 6 1𝑒 − 7 1𝑒 − 8 1

] [

0.1 0.9
0.4 0.6
0.5 0.5
0.4 0.4

] 

 

 

2.6 Pitfalls and Modification of Experimental Data Acquisition 

Many mistakes were made in the initial acquisition of data. The above sections detail the 

parameters that were finally used disregarding the process of arriving at those parameters, 

in this section, the learning process will be detailed, highlighting the mistakes and how 

they were addressed. When beginning H2MM experiments PIE was not used, rather 

continuous wave excitation was used. The exact power was not measured, but it is 

estimated to have been around 300µW. When beginning, it was not thought that the 

pulsed laser could provide this power, which turned out to be an incorrect assumption, 

and 300µW is much greater than necessary, and in fact, introduced excess background, 

though, as discussed this was not discovered until later. Later, excitation power was 

reduced to 100µW. The first discovered a most frustrating issue was a surprisingly 
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inconsistent, and often very high population of acceptor only bursts. The first 

measurements taken showed a moderate amount of acceptor missing, but, on repeating 

the measurements with newly annealed substrates weeks later, a very high population of 

donor only bursts were present. Numerous repetitions of the experiments were made, 

often running into the same issues. Finally, it was found that two factors were important:  

1) Inclusion of anti-blinking agent, trolox (Figure 2.7A-D) 

2) Storage of the substrates in microcentrifuge tubes.  (Figure 2.7A-D, observe 

timestamps) 

 Without antiblinking agents, the donor, it would seem, would quickly transition into the 

dark state and remain there for the rest of the burst. It is also possible that, as the 

excitation does not just occur in the focal volume, that as molecules were entering the 

detection volume, they already had been inducing into the dark state. But the inclusion of 

trolox230 restored blinked acceptor dies, and thus greatly reduced the donor only 

population. 

Nonetheless, the high donor only population remained a significant, though somewhat 

inconsistent problem throughout the measurements. One thing that was often notable was 

that the first measurement of a freshly prepared substrate would often have a small 

amount of donor only bursts, while subsequent measurements would have very high 

populations, and be almost exclusively donor only. After filtering buffers, preparing new 

buffers, thus eliminating them as sources of potential contamination by nucleases or 

quenchers, the storage medium of microcentrifuge tubes was switched to glass GCMS 

vials. Once this switch was made, the population of donor only would remain constant for 
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days and seemed to solve all key issues in obtaining good diffusion based FRET 

histograms. 

However, upon closer examination by an outside party, some key issues were found in 

the data: 

1) High background rates 

2) Overcrowded bursts 

Both of these can be attributed to having a concentration of fluorophores that boarders on 

the single molecule limit. As concentrations increase, the chance of multiple FRET pairs 

occupying the excitation volume increases, making the results more ensemble averaged, 

explaining point 2, but also, as concentration increases, background will also increase, 

because more fluorophores will occupy the laser cone above and below the focal plane 

i.e. out of the focal volume, thus adding background, as only a small subset of those 

emitted photons will actually reach the detectors, but the aggregate will increase. Thus 

the solution was another serial dilution of the eluted DNA stock from the final 

purification gel. This however introduces another problem, as lower concentration of 

substrate results in fewer bursts over time. Thus the observation time must be increased. 

As noted in the experimental descriptions in the above sections of this chapter, longer 

observation times necessitate sealed chambers to prevent evaporation, which can both 

increase background and result in increase of solute concentrations, 228 not ideal when 

attempting to examine the effect of various cation concentrations on the DNA. To prevent 

evaporation, the ibidi µ-slideVI0.1 chambers were chosen, which could be easily sealed 

with parafilm. There was one disadvantage of these chambers, however, in that the plastic 

coverslip proved to have more autofluorescent impurities, thus increased the background 
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photon counts. These however proved to be small enough to not overly corrupt the 

results. Future measurements could either be carried out by making chambers out of 

silicone gaskets sandwiched between two coverslips, or by reverting to the older parafilm 

flow cells and using vacuum grease to seal the ends. 

Table 2.2 Summary of potential issues, causes and solutions encountered in diffustion 

based FRET 

Problem Cause Solution 

Large 

donor only 

population 

Long acceptor blinking/triplet 

state 

Include Trolox 

Adhesion/other effect from 

microcentrifuge tube 

Store substrate in glass container 

instead of microcentrifuge tube 

High 

background 

Out of focus fluorescence from 

fluorophores 

Reduce substrate concentration, 

should also reduce background 

counts 

Autofluorescence from coverslip Change coverslip material, reduce 

excitation power 

Dense 

Bursts 

High concentration, results in 

ensemble averaging 

Reduce concentration- may also 

reduce background 
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G

4:32
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6:42

8:41
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8:08

Imp roveme nt of time t races

Figure 2.7 1st Column (A-D) Histograms with (bottom) 

and without (top) 2mM trolox, demonstrating importance 

of anti-blinking agent. All these histograms taken on same 

day from same preparation of DNA, but DNA was stored 

in a microcentrifuge tube, timestamps in lower right show 

when 15 minute data acquisition was completed. 2nd 

column (E-G) Sample timetraces showing learning of data 

acquisition conditions. (E) continuous wave 300μW or 

greater excitation with very high substrate concentration, 

note high background, large burst size, and overlapping 

bursts. (F) 300μW PIE excitation, note high background, 

and sparser bursts, but still somewhat overlapping (G) 

final observation conditions 100μW PIE excitation, note 

lower concentration of bursts, lower background, and 

overall smaller burst peak count rate 
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Chapter 3 Co-induced structural changes of FEN1 DNA Interaction 

3.1 Introduction 

The 5’ structure specific nucleases are biologically critical exo and endo nucleases who, 

despite each having vastly  different substrate specificity, all cleave the phosodiester 

bond one nucleotide into the duplex at the 5’ end of a junction between single and double 

stranded DNA.109,114,126,231 These nucleases operate through a common mechanism in 

which DNA is bound in a bent conformation prior to active site assembly.120,121,187 A 

number of details about their mechanism continue to be elusive, and debate remains 

around whether the DNA is captured during a spontaneous fluctuation to a bent 

conformation (conformation capture) or through an induced fit mechanism.52,132 The bent 

conformer is stabilized by a largely conserved hydrophobic wedge which stacks against 

the exposed basepairs. Following bending, a series of steps assembles the active site 

which is notably distant from the initial position of the bent DNA on the protein.121,127 

Initially it was thought that movement of the DNA to the active site required unpairing of 

the duplex to bring the scissile phosphate into position,102,121 but more recent 

crystallographic work indicates that DNA distortion instead of unpairing is 

responsible.146 The structure around the active site is one of the most variable parts of the 

superfamily, and is primarily responsible for determining the substrate specificity of a 

given nuclease in the superfamily. They all however seem to involve an order to disorder 

transition.120,121,150,187,188 This makes these nucleases particularly interesting to study as a 

means to elucidate the role of order and disorder in protein function. 

FEN1 is the prototypical, and first identified, of the 5’ structure specific nucleases.103 It 

specifically recognizes 5’ flaps created during lagging strand synthesis and long-patch 
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base excision repair, where a portion of the previously synthesized DNA is displaced by 

the newly synthesized strand.232,233 In vitro experiments have conclusively shown that 

FEN1 recognizes a double flap substrate with a strictly single nucleotide 3’ flap, while 

the 5’ flap can be of nearly any length.114,131  In vitro flaps are complementary and can 

equilibrate between a number of lengths, however, FEN1 seems to exclusively cleave 

these with a single nucleotide 3’ flap conformation, with cleavage one nucleotide into the 

5’ side duplex resulting in a gap that the 3’ flap can fill resulting gap to form a nicked 

product. FEN1 shows little difference in catalytic efficiency on fixed or equilibrating 

flaps. However, if substrate is a strictly 5’ single flap, catalytic efficiency is severely 

impaired, and the cleavage position becomes less precise, with a dominant cleavage site 

not one nucleotide into the duplex, which would generate a single nucleotide gap, but at 

the single flap junction itself, thus creating a nicked product.114 5’ flap contacts the 

protein primarily through the helical cap, which is unique to FEN1 within its superfamily, 

this cap contains catalytically indispensable residues and a cavity large enough for single 

but not double stranded DNA to pass through. The helical cap is flanked by the 

superfamily conserved helical gateway.121 While the 3’ flap is bound in a unique 

extension of the hydrophobic wedge, a 3’ flap binding pocket.121,122 Both the helical cap 

and 3’ flap binding pocket are disordered in the DNA free crystal structure,128 indicating 

that DNA binding induces a disorder to order transition, which initiates assembly of the 

active site.121 As structuring is necessary for formation of the active site, it is clear that 

this transition is essential for catalysis.  
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I therefore sought to investigate the roles of these structures in defining the extreme 

substrate specificity of FEN1 through single molecule methods at millisecond time 

resolution based on confocal diffusion and immobilized methods.  

3.2 Results 

3.2.1 Flap DNA is Conformationally Static 

FEN1 was first identified as acting on 5’ flaps,137 but the ideal substrate was later 

understood to also contain a strictly single nucleotide 3’ flap as well.131,139 In Okazaki 

fragment formation the displaced DNA is capable of equilibrating between these, and 

more conformers, but this equilibration does not reduce FEN1’s activity relative to 

artificial fixed junctions.234 Choosing substrates for investigation, I first selected a fixed, 

or non-equilibrating double flap substrate (NonEQ DF-6,1), as it is an ideal substrate for 

A

B

Figure 3.1 Immobilized confocal data of DNA alone, demonstrating single state behavior. 

Example of condition including FEN1WT included to demonstrate multistate behavior as 

contrast A) Single molecule traces of DF6-1, SF6,0, and SF6,0 with 100nM FEN1 WT. 

B) Histograms of FRET for all traces from which the afore mentioned traces were taken 
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FEN1, and presents no ambiguity in the position of the junction. Second I selected a 

substrate capable of equilibrating between a solely 5’ flap conformer and a double flap 

conformer with a single nucleotide 3’ flap (EQ DF-6,1), which serves as a mimic for the 

in vivo substrate of FEN1, while not introducing unnecessary ambiguity in the flaps’ 

positions. Finally, I selected a fixed single 5’ flap substrate (SF-6,0) which was included 

to investigate the mechanism of FEN1’s discrimination between DNA structures. 

Immobilized flap labeled DNA traces measured using confocal microscope allowed for 

analysis of data at 5ms time resolution, and occasionally at the even higher 2ms time 

resolution. As seen in Figure 3.1, the traces show an essentially static conformation of 

DNA for both single and double flap substrates, with E≈80%. Most fluctuations in FRET 

during these traces correspond to a blinking events, evidenced by their lack of clear 

anticorrelation between donor and acceptor signals. This is set in contrast to experiments 

with FEN1, where a clear anticorrelation between donor and acceptor signals can easily 

be seen.  

Extending these experiments, I also obtained FRET histograms of diffusing molecules. 

The diffusion based histograms offer even higher time resolution however, individual 

molecules create only single data points and cannot be observed over longer period of 

time. Burst histograms of DNA constructs in the absence of FEN1 protein showed no 

indication of multiple states. They were well fit to two Gaussians (see Figure 3.3), one 

corresponding to the donor only population, and the other corresponding to molecules 

with an active FRET pair. The center of this peak reports on the configuration of the  
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within a single flap conformation in solution while FEN1 binds it in the double flap 

conformation. SF6, 
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DNA (Figure 3.2). Notable, the E of the single flap and equilibrating double flap 

substrates is very similar (E= 27.4% and 27.6% respectively), indicating that the 

equilibrating double flap exists in solution in a single flap configuration to an exceeding 

degree. The E of the nonequilibrating double flap (E=0.346) is notably higher, thus, the 

double flap structure mustintroduce a kink into the DNA structure, reducing the angle 

between duplexes, bringing donor and acceptor closer together. Duplex DNA served as a 

final control. The duplex DNA has an E slightly less than the single flap and equilibrating 

double flap (E=0.237). Indicating that the duplexes of single flap structures in solution 

have a nearly straight configuration. 

This conclusion was also reached by our collaborators using potential mean force MD 

simulations.53 First, base stacking around the nick junction stabilized the straight 

conformers. All structures had a most energetically favorable conformer with a bend 

angle of around 165°. Further, energies to bend the DNA to small degrees, up to ~140° 

were minimal, and similar to duplex DNA.235 Beyond this however, a significant 

energetic cost must be paid of around 14 kcal mol-1 for breaking base stacking at the 

junction. 

3.2.2 FEN1 Binding Converts Substrates to Double Flap Structure 

Noting that FEN1 cleaves equilibrating structures with equal activity to fixed double flap 

structures, I next investigated the conformation of the DNA when bound to FEN1 using 

the same diffusion based method. The truncated wild type FEN1 construct used in this 

chapter will be referred to as FEN1-WT, to distinguish it from mutants also examined in 

this study. When FEN1-WT was included at saturating conditions the FRET of bent 
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NonEQ DF-6,1 and bent EQ DF-6,1 s had nearly identical E≈54% (Figure 3.2 for 

histograms, see Figure 3.3, Gaussian fitting showed one Gaussian for donor only 

molecules, and a second of the bent state, sometimes fitting was better when a Gaussian 

for unbent DNA was also included, but this Gaussian always had minimal amplitude. As 

the only difference between these two substrates was that the 3’ flap nucleotide was made 

complimentary to the template strand in EQ DF-6,1, position of the junction will be the 

same when EQ DF-6,1 is in its double flap form, and one nucleotide downstream when in 

a single flap configuration. Assuming the angle of bending is the same for both 

substrates, it can therefore be surmised that when bound to FEN1, EQ DF-6,1 is bent at 

the same junction as NonEQ DF-6,1, indicating that EQ DF-6,1 was converted into the 

double flap conformer. I also included control experiments, where the junction of the 

equilibrating double flap was shifted one nucleotide upstream (EQ DF6-1shift), and the 

FRET of this construct in the presence of saturating FEN1-WT was indeed different from 

the original junction, at E=46.4%, demonstrating that our assay is sensitive to shifts in 

junction position (Figure 3.2).  Titrations of FEN1-WT with EQ DF-6,1 and NonEQ 

DF6-1 were conducted to determine the bending KD-bending, which were found to be nearly 

identical around 4nM FEN1-WT, indicating that FEN1-WT encounters no significant 

barrier in converting the single flap conformer to a double flap in EQ DF-6,1. This is in 

line with a recent study that found equilibrating structures are cleaved with the same 

efficiency as non-equilibrating structures.234 

Next, I turned my attention towards the single flap substrate. I found that the FRET of the 

FEN1-WT bound bent state of SF-6,0, whose junction position is equivalent to the single 

flap conformer junction of EQ DF-6,1, is nearly identical to that of the double flap 
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substrates, E=54.4%. Indicating that the single flap structure was bound in a way 

identical to the double flap conformers. Again, a control junction shifted one nucleotide 

upstream (SF-6,0shift) had a decreased bent E=47.5%, essentially the same as the shifted 

equilibrating substrate EQ DF-6,1shift (Figure 3.2). This would necessitate breaking the 

base pairing around the junction, the 3’ end unpairing, leaving the nucleotide on the 

template strand without a proper base pairing partner, as the nucleotide on the 5’ flap is 

non-complimentary. Offering another clue, the KD-bending of SF-6,0 was 50 fold greater 

than that of double flap structures (Figure 3.4A, Figure 3.6 A and B). From this it can 

then be inferred that while FEN1 does bind and bend SF-6,0, the requirement of breaking 

base-pairing introduces significant thermodynamic cost, destabilizing the bent state. This 

offers an explanation to the observed pattern of cleavage on single flap structures, where 

the dominant product is a nicked DNA, but a significant secondary product is a single 

nucleotide gap.114 In the case of fixed, equilibrating, and single flaps, FEN1-WT could 

bind all of them by pulling the 3’ flap into the 3’ flap binding pocket seen in DNA FEN1 

crystal structures. This would also necessitate the ordering of this pocket around the 3’ 

flap. For single flap substrates however, binding the 3’ flap necessitates breaking of 

proper base pairing, and thus destabilizes the bent state, reducing the overall binding, and 

by extension catalytic rate, allowing it to return to the unbound state quickly, prior to 

cleavage, however, as seen in biochemical studies, this is the state from which cleavage 

primarily occurs.114 The secondary cleavage site can also be explained by the rare and 

transient ordering of the 3’ binding pocket and helical arch in the absence of a bound 3’ 

flap. This model is further supported single molecule total internal reflection (TIRF) 
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based cleavage data, which will be discussed in the conclusions of this chapter, section 

3.3.1.53 

T5 flap endonuclease has been shown be diffusion limited by studying the effect of 

viscogen on kcat/KM,104  and single molecule total internal reflection (TIRF) based single 

molecule measurements from my colleagues on NonEQ DF-6,1 and EQ DF-6,1 have also 

found that kon-bending (inverse of lifetime of the unbent FRET state, τoff) is proportional to 

FEN1 concentration and has a rate constant greater than 108M-1s-1, well in the range that 

can be considered diffusion limited for binding.53 TIRF measurements on SF-6,0 were 

inconclusive as transitioning was very fast. Therefore I acquired confocal immobilized 

traces to determine on and off rates with time resolutions of 5ms, and occasionally 2ms. 

kon-bending for FEN1WT with SF-6,0 was 1.48×108 ±2×107M-1s-1, essentially identical to 

that measured for double flap substrates(Figure 3.5A, Figure 3.10 B and C). The off rate 

was insensitive to protein concentration, and much faster however, compared with the 

double flap substrates. koff-binding, was found to be 21±5s-1 for FEN1WT on SF-6,0 (Figure 

3.5B, Figure 3.10A and C. Therefore the higher KDbending is exclusively a result of the 

shorter lifetime of the bent state. Thus kinetically there is essentially no barrier to 

bending of SF-6,0 by FEN1, but the bent state is energetically less favorable due to the 

breaking of base pairing, compared with double flap structures.  

3.2.3 FEN1 Substrate Verification Mechanism 

DNA binding to FEN1 induces an ordering of two key parts of the FEN1 protein, the 3’ 

flap binding pocket, and the helical arch, which interact with the 3’ and 5’ flaps 

respectively.121,146,152 These two regions are relatively distant to each other, but the 

superfamily semi-conserved R47 residue is poised to provide communication between 
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these two regions (Figure 3.4 C). It is positioned at the C-terminal end of α2, and its 

peptide chain stacks against the first nucleotide of the 3’ duplex, and its side chain stacks 

against the side chain of K128.121 Mutation of this residue to alanine (FEN1 R47A) 

results in an enzyme with severely disabled cleavage of double flap substrates. FEN1-

R47A cleaves double flap substrates to a similar extent as the wild type cleaves single 

Figure 3.4 Effects of non-canonical structures and mutations on FEN1 binding. A) KD-

bending of substrates based on diffusion based FRET histograms B) Bent peak centers of 

substrates, note this is a different alignment from previous figure. Centers reflect 

configuration of DNA in bent state. C) Diagram of R47 interaction with R128 and 3’ 

DNA base D) Diagram describing difference between blocked and trapped substrates. 

When DNA flap is blocked by addition of neutravidin first, FEN1 is still able to bind the 

DNA duplex, but cannot thread the 5’flap, while when FEN1 is added before neutravidin, 

the threaded 5’ flap is then trapped on the FEN1 by the neutravidin 
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flap substrates.121 FEN1-R47A thus is an ideal substrate to investigate the role of the 

disorder to order transition on substrate binding.  

I therefore performed titrations of FEN1-R47A to determine its KD-bending on Non-EQ DF-

6,1. I found it to be 175 ±17nM, which is very similar to the KD-bending of FEN1WT on 

SF-6,0 (Figure 3.4 A, Figure 3.6). This is very similar to the results obtained with 

cleavage by Tsutakwa mentioned earlier.121 Indicating a disruption in the ability to bind 

the substrate is connected with the ordering of the 3’ binding pocket and helical arch. The 

FRET efficiency of the bent state based on diffusion data of FEN1-R47A on Non-EQ 

DF-6,1 were nearly identical to the bent state of FEN1WT (Figure 3.4B), and data on 

equilibrating substrates indicates that FEN1WT and FEN1-R47A bent states are also 

identical.i Therefore, it can be assumed that FEN1-R47A binds the double flap substrates 

in the same conformation as FEN1WT. This however, is not true of SF-6,0, whose bent 

state with FEN1-R47A has a lower FRET value, indicating that the 3’ flap is not engaged 

in the 3’ binding pocket (Figure 3.4 B). This is likely represents an intermediate in the 

process of FEN1 engaging with the DNA, short-lived for all other substrate-FEN1 

combinations, but prolonged for SF-6,1 FEN1-R47A due to the increased energy of 

forming a double flap conformer and deficient communication and therefore lack of 

induced structuring, indicating that flap engagement and ordering of the helical cap and 

3’ binding pocket are coupled to each other.  

Attention was next turned to the effect of modifications on the flap, which would target 

the helical gateway as opposed to the recognition of the 3’ flap. Some groups have 

                                                           
i Note that E values in Figure 3.2 and Figure 3.3 were taken on a different alignment of the 

confocal microscope compared with those from Figure 3.4, and thus E is not directly 

comparable between them. Measurements in Figure 3.4 not taken in triplicate 
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suggested that the 5’ flap threads through the helical cap,132,144,145 while a competing 

hypothesis has been made that FEN1 clamps the DNA instead.120 To test this, I used 

double and single flap substrates with biotin positioned at the end of the 5’ flap, which 

enabled for blocking with neutravidin (DF-30,1 and SF-30,0 respectively), and allowed 

for immobilization via the same biotin neutravadin linkage. The flap was extended to 30 

nucleotides to prevent proximity to the coverslip, or biotin, from causing secondary 

effects that could confuse results. This substrate allowed me to test the threading and 

clamping hypothesis by varying the order of addition of components in diffusion based 

FRET histograms. By combining DNA and neutravidin first, a blocked substrate would 

be created (DF-30,1blocked, SF-30,0blocked, see Figure 3.4D), which could not be threaded,  

but could be clamped. If FEN1 was added first, then it could bind the DNA, and then 

neutravidin (DF-30,1trapped, SF-30,0trapped, see Figure 3.4D), would bind and trap the DNA 

in a threading situation, but not in a clamping one. Diffusion based FRET histograms of 

blocked DF-30,1blocked and SF-30,0blocked both revealed a bent state (Figure 3.7), but the 

FRET efficiency was notably different from that of the other FEN1-WT double flap 

conformers, while similar to each other, indicating that they have the same overall 

conformation as each other, distinct from substrates that have not been blocked (Figure 

3.4B). In contrast trapped substrates with FEN1-WT had identical FRET efficiency as the 

other double flap substrates, indicating identical conformation as substrates without 

blocking or trapping (Figure 3.4B). KD-bending of DF-30,1blocked was much higher than its 

unblocked NonEQ DF-6,1 counterpart (KD-bending with FEN1-WT 140nM for DF30,1blocked 

compared to 2nM for NonEQ DF-6,1, Figure 3.4A). While FEN1 could be trapped on 

DNA at much lower concentrations (Figure 3.7D). SF30,0blocked behaved in the same way, 
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titrations were not performed on this substrate, but at 1µM FEN1-WT, only about 60% 

was bound, indicating a KD-bending is close to this concentration, much higher than the 

unblocked counterpart (Figure 3.7 C). It is also somewhat higher than the KD-bending of the 

analogous substrate with a 3’ flap, blocked DF-30,1blocked as well. If clamping were the 

case, KD-bending would be expected to be similar for blocked and threaded complexes. The 

different KD-bending but similar FRET of the blocked structures shows that the 3’ flap must 

be partially engaged, but the full bending is not possible without threading of the 5’ flap 

through the helical arch. As a final note on threading, after I conducted these 

experiments, Bennet et. al. was able to crystalize a threaded complex, thus confirming 

one and for all the threading model over clamping.152   

I then examined immobilized traces using the confocal microscope, and was again able to 

obtain data of sufficient quality for 5ms and sometimes 2ms time resolution. Blocked and 

immobilized through the biotin streptavidin linkage, DF-30,1blocked with FEN1-WT 

immobilized traces revealed a kon-bending of 4.2×107M-1s-1, only about half that of its 

unblocked counterparts. Data on the blocked singe flap substrate, SF-30,0blocked with 

FEN1-WT was weaker, and thus is less accurate, it had a kon-bending of. 9.5×107M-1s-1, 

which is surprising given that the single flap substrate is a less ideal binding partner for 

FEN1, but, as mentioned, this is based on sparse data, and thus being only a factor of two 

different, these can be considered essentially the same, and both near diffusion limited. 

This is fascinating, indicating that FEN1 bending DNA has essentially no 

energeticbarrier. koff-bending of blocked substrates was found to be much faster than SF-6,0 

on FEN1-WT, for DF-30,1blocked, koff-bending=47±12s-1, and for SF-30,0blocked, it was even 
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faster at 110±20s-1, a rate so fast that the τoff of 9µs was nearly too fast for the time 

resolution of my data. This does indicate that some engagement of the 3’ flap must have 

taken place, given that if none had occurred, the off-rates should have been similar, 

which is also reflected in the previously estimated KD-bending. Thus it seems as though the 

KD-bending of FEN1 is primarily determined by the off rate in nearly all cases. 

Turning back to FEN1-R47A, immobilized traces revealed that SF-6,0 with FEN1-R47A 

appeared to have a kon-bending of 1.7×107M-1s-1 about an order of magnitude less than that 

of FEN1-WT, which is however still close to what is considered diffusion limited. 

Experiments with NonEQ DF-6,1 were less conclusive as the higher concentration 

experiment had a kon-bending slower than the lower concentration, the reverse of what was 

expected, but rates were superficially similar to the single flap experiment. The 

unbending rate, koff-bending for SF-6,0 on FEN-R47A was 57±6s-1, while for DF-6,1 the 

Figure 3.5 FEN1 bending rates A) koff-bending rates accessed by immobilized confocal 

imaging B) kon-bending rates accessed by immobilized confocal imaging. Note how koff-

bending varies much more compared to kon-bending, indicating that it is destabilization of the 

bound state and not slower binding that drives the values of KD-bending 
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data was less reliable, it was definitely slower. Comparing with the FEN1-WT 

counterpart off rates, FEN1-R47A shows less discrimination between single and double 

flaps, and binds all for shorter times than FEN1-WT. Taken together, immobilized data 

indicates that FEN1 is nearly always diffusion limited in its bending, with mutants and 

blocked substrates perhaps only slightly slower than diffusion limited, and that non-

cognate substrates have lower KD-bending as a result of a severely destabilized the bent 

state resulting in a very fast off rate.  
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A B C

Figure 3.6 Fitting and diffusion based burst histograms used for KD-bending determination, 

top row represents KD fitting using Hill fit, histograms bellow are raw histograms with 

Gaussian fittings used to determine the bent ratio (area of bent Gaussian divided by total 

area excluding Donor only state) A) FEN1-WT DF-6,1, B) FEN1WT SF-6,0 C) FEN1-

R47A DF-6,1 
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Figure 3.7 Fitting and diffusion based burst histograms used for KD-bending determination 

for Blocked threading DNA (A and B) top row represents KD fitting using Hill fit, 

histograms bellow are raw histograms with Gaussian fittings used to determine the bent 

ratio (area of bent Gaussian divided by total area excluding Donor only state) A) FEN1-T 

DF-30,1Blocked , B) FEN1R47A DF-30,1 C) Results for Blocked SF-30,0Blocked Top, bent 

fractions for two conditions tested, 1000nM FEN1-WT, and 3000nM FEN1-R47A. 

Bottom, histograms of tested conditions D) Histogram of trapped substrate showing 

FEN1-WT binds trapped substrate at similar KD-bending to NonEQ DF6,1 

A B C

D
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A B C

Figure 3.8 Fitting and diffusion based burst histograms 

used for KD-bending determination, top row represents KD 

fitting using Hill fit, histograms bellow are raw 

histograms with Gaussian fittings used to determine the 

bent ratio (area of bent Gaussian divided by total area 

excluding Donor only state) A) FEN1-WT EQ DF-

6,1shift, B) FEN1R47A EQ DF-6,1shift C) FEN1-R47A 

DF-6,1 
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A

B

Figure 3.9 Determination of koff-bending and kon-bending for FEN1-WT on Blocked DF-30,1  

A) Dependence of koff-bending and kon-bending with FEN1-WT concentration, with fittings. B) 

Exponential decay fits to dwell times determined by HAMMY from SM traces. 
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A

B

Figure 3.10 Determination of koff-bending and kon-bending for FEN1-WT on SF-6,0  A) 

Dependence of koff-bending and kon-bending with FEN1-WT concentration, with fittings. B) 

Exponential decay fits to dwell times determined by HAMMY from SM traces. 
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A

B

Figure 3.11 Determination of koff-bending and kon-bending for FEN1-WT on Blocked SF-30,0  

A) Dependence of koff-bending and kon-bending with FEN1-WT concentration, with fittings. 

For kon-bending intercept was fixed at 0 B) Exponential decay fits to dwell times determined 

by HAMMY from SM traces. 
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A

B

Figure 3.12 Determination of koff-bending and kon-bending for FEN1-WT on Blocked SF-30,0  

A) Dependence of koff-bending and kon-bending with FEN1-WT concentration, with fittings. 

For kon-bending intercept was fixed 0 B) Exponential decay fits to dwell times determined 

by HAMMY from SM traces. 
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Figure 3.13 Dwell time analysis of FEN1-R47A mutant with DF6,1 DNA, left column 

shows dwell time distribution in the bent state, while the right shows the distribution in 

the unbent state. This is used to calculate τ, the inverse of which is the k off and on rates. 

All histograms fit with a single exponential decay. As noted, this condition behaved 

oddly, where the τon-bending increased with increasing concentration. This was likely an 

experimental error, perhaps due to protein degradation or adhesion to flow cell reducing 

its actual concentration in solution during the higher concentration experiment 
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3.3 Conclusions 

3.3.1 FEN1 Mechanism 

Several elements of my research such as the altered bending state of the blocked 

complex, and the defective 3’ flap pulling of the FEN1-R47A mutant, reveal that there 

Model for decision making process
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DNA bends
5’flap threads

Order active site

Lock DNA
conformation

3’flap pulled
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Figure 3.14 Model for control of catalytic selectivity of the DNA by mutual 

conformational changes in DNA and FEN1. DNA sculpting bends a variety of DNA 

structures containing a break in one of the duplex strands to confirm key features of the 

cognate substrate, namely the 3’ flap bound in the 3’ binding pocket, a ssDNA 5’ flap 

threaded in the helical gateway, and a fully paired duplex. Protein ordering induces the 

pulling of the 3’ flap into the binding pocket, a step in which DNA is locked down and 

the future course of the binding event is set, the “decision” step. Non-cognate substrates 

will almost exclusively proceed towards a misformed active site, due to desalination of 

the duplex or other missing feature, while cognate double flap substrates will proceed 

almost exclusively towards the properly formed active site, resulting in incision and 

relates of products. 
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are a multiplicity of pre-cleavage DNA bound states for FEN1, which are connected with 

threading and structuring of the helical gateway. Additionally, the near universal 

diffusion limited bending of both cognate and non-cognate substrates indicate that the 

first binding step is diffusion limited with essentially to energy barrier for crossing it. It is 

then the free energy of this and subsequent intermediates that determine the initial 

equilibria between bound and unbound DNA, with less stable intermediates having much 

higher KD. Further, it is clear that non-cognate substrates universally have a much higher 

KD. It would be tempting to attribute the selectivity of FEN1 entirely to this alteration of 

KD. However, my observation of 3’ flap pulling in binding SF-6,0, and the related 

observation that FEN1 is less precise in cleavage site on single flap substrates114 indicate 

an even greater degree of discrimination on the part of FEN1. TIRF based SM cleavage 

studies conducted by my colleagues provide final proof of this. SM cleavage is 

fundamentally a measure of the single turnover rate, ksto, and can observe rebinding 

events that might confuse bulk single turnover experiments. My colleagues’ 

measurements were fascinating, revealing that kcleavage, (the true ksto) of all substrates 

cognate or otherwise was essentially the same. Histograms of duration of cleavage events 

(τcleavage-bending) showed a rise and decay as opposed to an exponential decay, indicative of 

a multistep process, although as flap labeling schemes were used, this could be due to 

post-cleavage product release steps. Non-cognate substrates would undergo many rounds 

of binding and unbinding before final cleavage, while cognate substrate would always be 

cleaved at the first binding event. Most notably however, while some non-cognate 

substrates had koff-bending rates faster that kcleavage, there were a number with slower koff-

bending, indicating that FEN1 had bound the DNA into intermediates that were catalytically 
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incompetent, but still metastable.53 We therefore propose that FEN1 first binds to the 

DNA at the junction through an almost barrierless process with the hydrophobic wedge 

inserting itself between the basepairs at the DNA junction. This is quickly followed by a 

series of substrate sculpting steps, involving the pulling binding of the 3’ flap and 

threading of the 5’ flap. At this point the binding pocket and helical gateway structure. 

NMR studies conducted after our research have added to our understanding of this step, 

indicating that it occurs in several steps and involves a combination of induced fit and 

conformational selection around the helical gateway.152 We believe that at some, or 

perhaps several points in this process, there is a key fork in the pathway in which DNA is 

locked down into one of two or more states, with only one leading to formation of a 

catalytically active protein (Figure 3.14). This explains why cleavage can occur 

consistently with the same kcleavage, even when koff-bending is slower, as only one pathway, 

which has the same overall rate constants regardless of substrate, leads to cleavage. 

Binding however can lead the DNA down a multiplicity of pathways, with competing 

rate constants, which lead to release of uncleaved substrate. Key features such as the 3’ 

flap serve as determinant of which pathway is chosen, leading non-cognate substrates 

down non-productive structuring, while cognate substrates lead inexorably towards the 

correct formation of the active site and cleavage. Follow up SM TIRF and bulk 

experiments by my colleagues turned to use protein induced fluorescence enhancement 

(PIFE), while also detecting the potential for the opposite effect, protein induced 

fluorescence quenching (PIFQ), which were able to probe different steps within the 

cleavage pathway.142,236 Most notably, when positioned at the end of the 5’ flap, PIFQ 

occurs, and is believed to be indicative of FEN1 threading. Histograms of τcleavave-PIFQ 
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using PIFQ in this flap labeled scheme showed an exponential decay, unlike the rise and 

fall of τcleavage-bending, revealing that after threading and structuring of the 5’ flap, 

cleavage is a result of a single step pathway.236 

3.3.2 Discussion 

FEN1 functions on DNA with extreme precision, and its binding is notably extremely 

well suited to detect only the cognate substrate. Its mechanism remains somewhat 

mysterious, but it is clear that cleavage involved an indeterminate number of DNA bound 

intermediates, which involve the structuring of the helical gateway and 3’ binding pocket. 

Communication between these ensures that only when the 3’ binding pocket is structured 

can incision proceed. This creates a checkpoint for FEN1 preventing it from cleaving 

non-cognate substrates that might produce gapped or otherwise toxic products. 

Structuring is required to bring catalytic residues together, and thus provides an ideal 

means by which only cognate structure are capable of stabilizing the structured state 

sufficiently to allow for cleavage, while also enabling certain key points of substrate 

flexibility by employing regions that are not influenced by unimportant substrate features. 

Questions remain regarding how the capture of DNA works, and to what degree 

conformational selection and induced fit mechanisms play a role in the catalytic 

mechanisms of structure specific nucleases. The diffusion limited nature of FEN1 on all 

substrates suggests that whatever fluctuations or induced changes that occur, they must 

occur on timescales shorter than milliseconds. However, conformations fluctuations are 

expected to occur on much shorter, potentially nanosecond timescales.32,54,58 The 

following chapter will delve much deeper into the dynamics of the DNA structures in the 

absence of protein, and thus further discussion on this matter will be saved for the next 
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chapter. However, it is clear that both FEN1 and DNA undergo multiple sequential 

coupled conformational changes, which serve to verify the substrate and only allow 

cleavage for cognate substrates. Some of these almost certainly involve some degree of 

induced fit, backed up by more recent NMR data from the Grasby group,152 and thus we 

can consider the FEN1 to operate by a mutual induced fit mechanism. 
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Chapter 4 Photon by Photon Dynamics of Nicked and Gapped DNA 

4.1 Introduction 

Nicks and gaps are perhaps the simplest of DNA structures among the intermediates in 

DNA replication. They can also be seen as building blocks for more complicated 

structures like flaps, forks and bubbles. Despite their fundamental nature, very little work 

has been done to characterize their dynamics.58 However, work on DNA polymerases and 

FEN1 has begun to increase our interest in these substrates, hampered however by the 

fact that these more recent studies have given their dynamics only passing examination 

on the road to the larger protein-DNA interaction questions.52–54  

Nicks and gaps are essentially DNA duplexes with defects. While the two intact 

backbones of the helix put strong restrictions on the conformation of DNA,39,40 a break in 

one of the strands removes this restriction, as occurs at the point of the nick or gap. 

Indeed, structure specific nucleases exploit this flexibility by binding to the structure in a 

bent configuration up to 90°, only possibly around single stranded breaks.103,121,126,170 

These distortions are to a point where the classical measures of twist roll and tilt are so 

extreme as to be more or less in applicable, indeed, papers usually invent their own 

coordinates to define the degree of bending.53,54 In the absence of protein however, the 

conformational dynamics will be driven by other factors. In solution the negative charge 

of the backbone will repel itself, encouraging an overall straight conformation, and roll 

and tilt will remain close to duplex values. The presence of ionic species however will 

serve to partially shield the duplex from its own charge, and will thus permit more 

freedom in roll and tilt values.59 The twist however will be defined more by the second 

important factor in defining the conformation of DNA: base pair stacking. The 
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nucleobases are hydrophobic, and experience aromatic stacking interactions as well.40,41 

This will therefore result in the DNA conformation trying to reduce base exposure to the 

polar solvent, and optimize the base stacking interaction. For nicks, the breaking of the 

backbone will allow higher optimization of base stacking interactions, affecting primarily 

the twist angle. This will be highly dependent on the particular dinucleotide around the 

nick. Several studies have linked the twist of the duplex to the dinucleotide steps of the 

duplex based on ab initio calculations.41,44 Clear correlation was found with parameters 

derived from crystal structures, but predicted ideal stacking was usually had extreme 

angles than found in crystal structures, indicating restriction by the backbone.41 However, 

no study to our knowledge has examined the dependence of the twist at a nick on the 

dinucleotide step at the nick. Gaps however will be less restricted, classical base stacking 

of a duplex is no longer possible, while single nucleosides may stack with each other, 

without a base pairing partner, the stability will be greatly diminished. There is also the 

possibility that nucleotides in the gap will form extrahelical loops, while the two ends of 

the duplex stack together to maintain stacking of complete base pairs.58 So what are the 

energetics and contributions of all these factors? Unfortunately little direct study has been 

carried out. NMR studies generally show increased flexibility, but still essentially duplex 

conformation for nicks, and even one nucleotide gaps seem to occupy a primarily duplex 

like conformation.237,238 Electrophoretic measurements however indicate a bending along 

a specific angle for the gapped DNA.239 One of the more thorough studies utilized 2AP 

fluorescence, and found nicks are more structurally flexible than duplexes, but remain 

primarily stacked, while single nucleotide gaps experienced some time in an extrahelical 
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state, but interestingly, two nucleotide gaps spend less time in the extrahelical state, but 

have the greatest amount of time in the disordered helical state.58 

Bending of the nick in particular is limited by the critical point of when stacking 

interactions are broken. While ab initio calculations give a value of around -14kcal mol-1 

for stacking (not corrected for solvation effects) depending on the dinucleotide step,41 

electrophoretic measurements have calculated much lower ΔG of between -0.9 kcal mol-1 

and -2.3kcal mol-1 for unstacking depending on the dinucleotide step, but only analyzed 

the influence of urea on unstacking.56 A following study did however compare the effect 

of sodium ions, finding reduced ΔG of unstacking at higher Na+ concentrations.55 Recent 

MD simulations have given contradictory results, collaborators of our group calculating a 

ΔG of unstacking around 11 kcal mol-1, and an activation energy of bending of 14 kcal 

mol-1 for nicked DNA,53 while another group found a ΔG of only 4.7kcal mol-1 for nicked 

DNA.54 Unfortunately both of these MD simulations only simulated a single type of 

dinucleotide step at the nick, and only a single concentration of mono and divalent 

cations. A consequence of this difference in apparent bending energy is the prevalence of 

unstacking in solution, our group predicting essentially none, while the latter predicting 

transient unstacking events only a few nanoseconds. They performed a number of 

diffusion based FRET histograms, deriving a number of distance parameters for their 

gapped DNA, and argued a better fit to their data when including the transient bending 

events, but we find their results unconvincing due to how little above the error their fit 

with unstacking was (<ΔFRET>=-0.0025 with unstacking vs <ΔFRET>=-0.027, with a 

FRETerror= ±0.025).54 
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To this date, no study has undergone to systematically study the effects of divalent metal 

cations on the dynamics of nicked and gapped structures. This is surprising given how 

significant divalent cations have been shown to be in other DNA structures such as 

Holliday junctions.59,62 We therefore set out to rectify this and examine the dynamics of 

nicked and gapped DNA using diffusion based single molecule FRET. Additionally, 

seeking to detect any hidden or short lived states, we choose to employ the recently 

developed Photon by Photon Hidden Markov Modeling algorithm developed by Pirchi et. 

al.221 

4.2 Experimental Design 

To understand the effect of stacking on DNA dyanmics, a set of four substrates with 

distinctly different stacking parameters were chosen. These also closely parallel the 

substrates from Lin et. al.58 The nick has the same stacking potential as a duplex, while a 

single nucleotide gap lacks this potential, and in an overall helical conformation will have 

only half the stacking potential of the duplex, it remains as a duplex based on NMR, 

237,238 but may also be briefly and periodically excluded into an extrahelical loop as 

evidenced by a 2-aminopurine fluorescence study. A two nucleotide gap was also 

included to increase the potential for unstacking, and overall flexibility of the structure, 

however, like in the single nucleotide gap structure, the nucleobases of the template 

Duplex Nick 1nt Gap 2nt Gap 2nt Abasic Gap

Figure 4.1 Diagrammatic sketch of substrate structures examined in H2MM study. 

Number of intervening nucleotides between junction and fluorophores is reduced for 

clarity. Green and red stars indicate position of donor (Atto532) and acceptor (Atto647N) 

respectively 
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strand still have limited stacking potential, and thus to have a substrate where such 

stacking is eliminated, a two nucleotide abasic gap was designed with a two nucleotide 

gap wherein, on the unbroken (template) strand, abasic sites were incorporated at the 

position of the gap. Finally, a control duplex substrate was also included. See section 

2.3.2.1 for practical details of substrate design. 

Divalent metal cations have been shown to have distinct effects on DNA compared with 

monovalent metal cations. Therefore, we sought to investigate the effect of magnesium 

by varying its concentration below and above physiological conditions, with 10mM KCl. 

To distinguish the effects of mono and divalent cations, at the highest and lowest 

magnesium concentrations were also taken at 100mM KCl. 

4.3 Burst Histograms 

4.3.1 Magnesium Dependence 

FRET histograms of the duplex DNA were taken using PIE, which allowed for filtration 

of donor only bursts, thus, after filtration, across all conditions, histograms showed a 

single Gaussian peak. The mean of the filtered population was then calculated. Across all 

magnesium concentrations, the mean PR of the filtered bursts remained nearly constant, 

around mean PR=0.38, with a slight decrease at higher magnesium concentrations the 

lowest being mean PR=0.369 at 10mM MgCl2, although this difference is barely 

significant (Figure 4.2 E). Overall this shows the duplex to be largely insensitive to 

magnesium concentration, though perhaps there may be limited relaxation of the helix, if 

the decrease is significant and not an artifact of something else, it indicates a small 

rearrangement of the DNA, likely some combination of changes in the rise and twist of 

each basepair. Mean PR values are not directly comparable between duplex and all other 
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substrates, because in the 

duplex the donor and 

acceptor are positioned on 

the template and 

complimentary strands, 

while in all other substrates, 

donor and acceptor are 

positioned on 5’ and 3’ 

complimentary strands, 

though the number of 

intervening nucleotides 

remains the same (Figure 

4.1), mean PR of all other 

substrates are directly 

comparable as fluorophore 

positions did not change 

between them. Filtered histograms of the nick substrate showed a slight increase in PR 

with increasing magnesium concentration. This increase, though significant, was also 

very slight, going from mean PR=0.497 at 0.1mM MgCl2 to mean PR=0.519 at 3mM 

MgCl2 (Figure 4.2A). We can take the 0.1mM MgCl2 mean PR to correspond to a fully 

extended duplex, given the known NMR results. The slight increase is indicative of an 

average decrease in the end to end distance, and therefore distance between fluorophores, 

but this is still notably slight, further, if the decrease in mean PR of the duplex with 
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increasing magnesium concentration is due to a rotation of the fluorophore around the 

axis of the DNA helix due to a change in the average twist per base pair, this change 

would also affect the nick, but given the change in fluorophore positions, the shift in 

mean PR might be in the opposite direction. One nucleotide gap DNA however shows a 

very distinct rise in mean PR with increasing magnesium concentration. At 0.1mM 

MgCl2, the mean PR is very similar to that of nick, at mean PR=0.484, but this rises to 

0.559 at 3mM MgCl2 (Figure 4.2 B). This indicates that magnesium has a significant 

effect on the solution conformation of the one nucleotide gap. At low magnesium, the end 

to end distance is close to that of nick, and therefore the conformation can be assumed, to 

like the nick, be close to that of a complete duplex. But upon addition of magnesium, the 

single nucleotide gap’s average end to end distance decreases, indicating greater 

flexibility around the gap. Two nucleotide gap and two nucleotide abasic gap substrates 

show a very similar increase to that seen in the one nucleotide gap. However, the mean 

PR at 0.1mM MgCl2 for both is not near that of the nick, distinct from the one nucleotide 

gap. Instead, at 0.1mM MgCl2 the two nucleotide gap has mean PR=0.519, and the two 

nucleotide abasic gap has a mean PR=0.525 (Figure 4.2 C and D). Thus their overall 

conformation even at 0.1mM MgCl2 is not similar to that of the duplex. The PR of the 

abasic gap is also slightly higher, indicating a slightly more compressed average end to 

end distance. At 3mM MgCl2, the two nucleotide gap and two nucleotide abasic gap 

structures increase to mean PR=0.579 and PR=0.608 respectively. Thus the same 

compression in average end to end distance seen in the one nucleotide gap substrate holds 

for two nucleotide and two nucleotide abasic gaps as well, with the average end to end 
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distance always being largest for one nucleotide gap, intermediate for two nucleotide gap 

and smallest for the two nucleotide abasic gap.  

4.3.2 Potassium Dependence 

Now the effect of potassium ions, a monovalent cation, will be discussed. Overall the 

effect of KCl was much less significant than that of MgCl2, and the effect of KCl was 

greater at the low 0.1mM MgCl2 concentration than at the high 10mM MgCl2 

concentration. The most distinct change was that at 100mM KCl, the mean PR of both 

0.1mM and 10mM MgCl2 was essentially the same, at mean PR=0.513 and mean 

PR=0.511 respectively, actually decreasing with increasing magnesium concentration. 

Duplex mean PR at 100mM KCl was somewhat decreased from mean PR=0.383 to mean 

PR=0.373 compared to 10mM KCl at 0.1mM MgCl2, while it was identical to well within 

the errors bars when comparing 100mm KCl 10mM MgCl2 and 10mM KCl 10mM 

MgCl2 (mean PR= 0.369 for both). This indicates that for nick, monovalent salts may 

encourage some additional flexibility, decreasing average end to end distance, while 

divalent salts are much more effective at promoting this same flexibility, and when 

divalent salts are present, monovalent salt effects are essentially masked or nullified. 

One, two nucleotide and two nucleotide abasic gaps all show distinctly increased mean 

PR between 10mM and 100mM KCl at the low 0.1mM MgCl2 condition (mean 

PR=0.508 vs mean PR=0.484 for one nucleotide gap, mean PR=0.538 vs mean PR=0.519 

for two nucleotide gap, mean PR=0.559 vs mean PR=0.525 for 2nt abasic gap), but come 

within error bars of each other when the magnesium concentrations are raised to 10mM 

MgCl2. Thus, again it appears high concentrations monovalent metal cations can have 
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similar effects to much lower concentrations of divalent cations, but these are essentially 

neutralized when significant divalent metal cations are present. 

From the patterns found in these findings, it is clear that metal ions can shield the 

negative charge of the backbone, thus allowing more freedom for gapped substrates. 

However, the effect is strongly dependent on whether these cations are mono or divalent.  
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4.4 Burst Variance Analysis 

The width of histograms can also be an indicator of dynamics, however, such factors as 

background, average size of bursts, and even the PR play critical roles in the width as 

well, and thus it can be difficult to objectively distinguish these factors from fast 

dynamics. Nonetheless, comparison was undertaken. At this point it should also be noted 

that much of this deeper data analysis is more strongly affected by high background 

levels. However, the only vessels available at the time of experimentation were ibidi flow 

cells, which presented high autofluoresence, which also varied from flow cell to flow 

cell. Thus much of this analysis is marred by uncertainty due to high background. 

Duplex, being the least dynamic species serves as a control for the other substrates. 

Examining Figure 4.3 B and C, the standard deviation of PR is slightly higher for all 

other substrates compared to the duplex, weakly suggesting added dynamics. However, 

the increase is not significant, and the standard deviations do vary from experiment to 

experiment, even for the same substrate. Further, there does not appear to be any 

correlation between salt concentration and standard deviation for any of the substrates. In 

general the relationship of mean PR and the standard deviation of PR for static species is 

expected to lie along a semicircle, whose height is defined by the size of bursts and 

background levels. In Figure 4.3 B, the semicircle is set by the duplex DNA mean PR vs 

standard deviation of PR, confirming, as before that the widths of the non-duplex 

substrates are slightly, but not significantly wider than would be expected. 

However, this remains a difficult analysis from which to draw conclusions. A far better 

method is burst variance analysis, BVA.215 Which subdivides bursts into chunks of an 

arbitrary number of photons, and then compares, within a burst their standard deviation.  
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Figure 4.4 BVA analysis of all substrates (rows) and all conditions used (columns) ranging from 

0.1mM to 10mM MgCl2, and 10mM to 100mM KCl, all experiments done with 50mM HEPES 

pH 7.5, 2mM Trolox and 2mM DTT 



134 
 

Thus complications of variable burst size are avoided, and there is a more easily defined 

threshold for hidden dynamics. As seen in Figure 4.4, for all substrates, duplex and non-

duplex, the 2-D histograms all appear to be a single population with a variance matching 

that expected for a static species. This indicates that the high background is more likely 

the source of the increased variance of the non-duplex substrates FRET histograms. 

4.5 Photon by Photon Hidden Markov Modeling 

4.5.1 Statistical Analysis 

The H2MM algorithm provide a deeper analysis of the data, fitting the photon arrival 

times to hidden Markov model of arbitrary number of states.221 Therefore limiting it by 

the inter-photon time, around 10µs. However, care must be taken to avoid interpreting the 

results based on overfit models. Here, Lerner et. al. provide an excellent pair of criterion: 

a selection criterion based on a modified version of the Bayesian information criterion 

(described in section 1.4.6), and the overall reasonableness of the model.193 

The Bayesian information criterion takes the log likelihood of the H2MM model, and 

adds penalties for the number of free parameters, and number of data points in the data 

set. The traditional analysis for BIC however was found to always prefer the model with 

the highest number of states, and therefore additional weighting for photons and states is 

necessary, scaled by the minimum BIC, which creates a modified BIC, denoted as BIC’. 

From this, the statistically best model is the model with the fewest states that have a 

BIC’<0.005. 

The reasonableness of the model determines if the model has a physically sensible 

interpretation. This must be assessed based on both the model’s PR values, and transition 

rates. Transition rates that are faster than the inter-photon time, or longer than the 
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experiment indicate over fitting, 

similarly, very slow transition rates 

are also indicative of overfitting. 

When comparing PR values in 

H2MM models, it is key to assess if 

they make sense given the a priori 

knowledge of the substrate. In the 

case of the structures studied here, 

PR values lower than ~0.47, with 

the exception of the duplex, can 

generally be rejected as “real” 

states, as this is the most extended 

conformation available to the 

DNA. Additionally, from the mean 

PR data clear trends are visible 

with increasing magnesium for a 

given substrate, and a pattern 

should be visible between H2MM 

results that have meaningful value. While never the selected model based on BIC’, it 

should be noted that single state models nearly always had their single state PR very 

close to that of the mean PR, indicating that data processing by H2MM was done 

correctly (Figure 4.5). 
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When examining BIC’ for all conditions of all substrates, the ideal model (fewest states 

with BIC’<0.005) is always either two or three states. None of the one state models had 

BIC’<0.005, and the three state models always had a BIC’ less than 0.005, while two 

state models under some conditions had BIC’< 0.005, and others BIC’> 0.005. There did 

not appear to be a correlation between magnesium concentration and BIC’, although the 

number of data points is too small to be certain (Figure 4.6). If salt concentrations altered 

dynamics bordering on timescales detectable by H2MM, it would be expected to see a 

correlation, in other words, this lack of correlation indicates that neither magnesium nor 

potassium enable bent states to persist long enough to be detected by H2MM. Therefore, 

in analyzing the data, it is best to interpret the data based on patterns seen in both the two 

and three state models, while also taking into account the potential for over fitting. 

Figure 4.6 Modified BIC results. A) Comparison of BIC' with number of states in H2MM model. 

Blue line indicates BIC’=0.005 threshold, the fewest state model with a BIC’ bellow this line is 

considered the most likely model. B) Two state BIC’ compared to MgCl2 concentration, black 

horizontal line at BIC’=0.005 again shows threshold for most likely model. Substrates are color 

coded, black for nick, red for one nucleotide gap, olive for two nucleotide gap, blue for two 

nucleotide abasic gap, and magenta for duplex. 
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Much of the data was difficult to interpret, and as background levels from the experiment 

were high, they likely interfere with the results. Further refinement of acquisition 

parameters will be an important step in improving these results. 

A general summary is that two state models usually appeared to have one state with a PR 

slightly higher than the mean PR, and another lower than the mean PR, but usually to a 

similar degree as the offset between the mean and high PR state, but nearly always larger. 

Transition rates were almost always somewhat slower than the diffusion time. Three state 

models generally appear based on PR to be a donor only, low FRET and high FRET 

model, but transition rates again remain usually slower than the diffusion time, however, 

the transition rates to the donor only type state are surprisingly slow, variable, and often 

slower than the experiment time. This indicates an over fitting, and reason to dismiss 

these models. Further, these rates do not correlate with salt concentrations, while it is the 

PR values that usually shift with salt concentrations in the H2MM models. Therefore, 

while it is tempting to argue for detection of the stacked-unstacked equilibrium as being 

the low and high FRET states in the H2MM models, this ultimately seems unlikely, and 

an alternative single highly dynamic FRET state seems more reasonable. Now each 

substrate will be discussed in detail.  

4.5.2 Two and Three State H2MM Model Comparison 

4.5.2.1 Duplex 

The two state models for duplex DNA, with the exception of the lowest magnesium-

lowest potassium and highest magnesium-highest potassium condition, shows a two state 

model with one state between 0.18 and 0.22, and a second state between 0.4 and 0.38. For 

the two exceptions, the 0.4 PR state persisted, while the second state was 0.75 or .065. A 
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PR of 0.18 is consistent with a donor only population, although a little high. When 

examining the transition rates, the rate from the higher PR to lower are between 150s-1 

and 300s-1 (lifetimes of 3ms to 6ms), which is somewhat longer than the burst duration, 

while the reverse is an order of magnitude faster, from 1700s-1 to 2800s-1, indicating a 

much longer duration in the higher state.  This suggests either blinking or the occasional 

donor only burst not filtered by PIE is the source of the lower PR state. Thus the duplex 

data is well explained by a single relevant conformational state. 

In the two exceptional cases, where a higher state was found, the transition rates were 

28s-1 and 36s-1 from the 0.4 state to the 0.7 state, and 1300s-1 and 1600s-1 in the reverse 

direction. These are probably due to high background and are false states. Three state 

models of duplex DNA, which should be considered overfit based on BIC’, appeared to 

always have a single state of PR very similar to the mean PR state of 2 state models, with 

one state having a PR above the real state, and another state similar to the donor only PR. 

This indicates detection of the donor only leakage bursts and the overfit short lived high 

PR state seen in the two exceptions to the usual two state model. 
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4.5.2.2 Nick 

Nick H2MM results were harder to firmly interpret than duplex. According to the 

modified Bayesian information criterion, all but two of the conditions where nick was 

measured should be two state. However, the distribution of states and transition rates are 

not easily attributable to either a single FRET plus donor only leakage model, or a 

stacked-unstacked equilibrium. The lower FRET state is usually close to PR=0.44, while 

in one condition, 0.1mM MgCl2 10mM KCl it was as low as PR=0.34. The higher FRET 

state is usually close to 0.58, with the 0.1mM MgCl2 10mM KCl again being the one 

exception at PR=0.54. When the 0.1mM MgCl2 10mM KCl is excluded, these states do 

not show a trend with magnesium concentration. Notably, the lower FRET state never 

exceeded 0.46. Also, this shows the two states nearly equally separated in PR from the 

mean, with the lower state usually slightly further from the mean PR than the higher. 

Transition rates were also suspiciously nearly always less than 1000s-1, usually near 

400s-1, but with some variability, and with the low to high PR transition rate being faster 

than the high to low PR transition rate. This predicts that the system spends more time in 

the higher PR state, which fits with the higher PR being closer to the mean than the lower 

PR. The condition with a PR=0.34 was the one partial exception, having a transition rate 

from the low to high PR state of 1800s-1, but the high to low transition rate was 430s-1 

this difference is indicative of how little time the systems is predicted to spend in the 

lower PR state. With the one exception, these rates correspond to lifetimes longer than 

the diffusion time, meaning that few transitions are predicted to actually occur within a 

burst. This makes it tempting to assign the two state model to be an overfitting with the 

lower state corresponding to either a splitting of the “real” FRET state, leakage of donor 



141 
 

only bursts, or a combination of the two. The three state models, while usually deemed 

overfit based on BIC’ (only on instance, the 10mm MgCl2 100mM KCl conditions had a 

two state model with a BIC’> 0.005) all have one state close to PR=0.25, another near the 

mean PR=0.50, but this state always has a PR slightly less than the actual mean PR, and a 

third close to PR=0.6. This indicates clear detection of donor only leakage, and two 

FRET states. Examination of transition rates continues to reveal very few corresponding 

to lifetimes shorter than the diffusion time. 
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Figure 4.8 Results of H2MM processing for Nick substrates. All acquisition, and solvent conditions are 

identical to those for Duplex, see Figure 4.7 caption for details, figure also follows the same 

organizational format 
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4.5.2.3 One Nucleotide Gap 

The two state models of the one nucleotide gap substrate fall into one of two categories, 

both of which were seen in the nick substrate: either a clear FRET plus donor only 

pattern, or a splitting of the mean PR into higher and lower PR, with the higher PR state 

somewhat closer to the mean PR than the lower PR state. These two categories also make 

it so that from the two state models, there is no clear increase in PR of states. Transition 

rates for the conditions with a FRET plus donor only models were from 1350s-1 to 

1640s-1 for the donor only to FRET state, and 95s-1 to 240s-1 for the FRET to donor only 

state. While for the split state models, the transition rates were between 340s-1 and 510s-1, 

very similar to the rates for the nick. This is surprisingly close to the nick. However, 

when looking at the three state models, which were usually the preferred model based on 

BIC’, a clear donor only PR state, a near-mean PR state, and a high PR state are present. 

The donor only PR state varies from PR=0.17 to 0.30. While the close to mean PR state 

increased from PR=0.44 to 0.52, consistently falling about 0.03 lower than the mean PR, 

and the high PR state also increasing with increasing magnesium concentration from 

PR=0.59 to 0.66. This could be interpreted as a stacked unstacked equilibrium, however, 

and the fact that both mean and high PR states increase in lock step with each other and 

magnesium concentration make this interpretation less likely, as one would expect the 

stacked state to be essentially insensitive to magnesium concentration, as seen with nick 

and duplex, while the unstacked state should be strongly affected by magnesium. 

Transition rates also do not seem to match this model. These rates remain shockingly 

consistent across magnesium concentrations. Transitions from the donor only state to the 

mean PR state were very close to diffusion time, ranging from 760s-1 to 1650s-1, 
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interestingly, every time the transition rate exceeded 1000s-1, the two state model had a 

BIC’<0.005 (ie the 3 state model was not the preferred model). The reverse rates fell 

within a small range of 26s-1 to 90s-1. The transition from donor only to the high PR state 

was the most variable, but always much slower, and often longer than diffusion times, the 

reverse rates were similar. Finally, transition rates from mean PR to high PR states were 

always very near to 200s-1, and the reverse rates fell between 490s-1 and 580s-1. These last 

rates are strange for a stacked unstacked equilibrium, as they do not correlate with the 

magnesium concentration, and are all longer than the diffusion time, while unstacking has 

been predicted to be a much shorter process. Thus it is more tempting to assign these 

states to an overfit model, perhaps a result of both donor only burst leakage and splitting 

of mean PR state. A third possibility is that the two states represent two conformers, one 

with the gap nucleotide stacked in the helix, while in the other, it has flipped out to allow 

full stacking between the two ends of the duplex. 
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Figure 4.9 Results of H2MM processing for one nucleotide gap substrate. All acquisition, and 

solvent conditions are identical to those for Duplex, see Figure 4.7 caption for details, figure also 

follows the same organizational format 
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4.5.2.4 Two nucleotide basic and abasic gaps 

Both two nucleotide gap substrates follow very similar patterns in the H2MM processing. 

Very few two state models have BIC’<0.005, thus BIC’ analysis chooses the three state 

models to an overwhelming degree. The three state models were again easily assigned the 

same donor only, near-mean PR and high PR categorizations. As with the one nucleotide 

gap, the two nucleotide and two nucleotide abasic gap the near mean PR state was lower 

by about 0.04, with the one exception of the 0.1mM MgCl2 10mM KCl two nucleotide 

abasic gap, where the near mean PR state was almost exactly the same as the mean PR. 

Two state models also could either be categorized as splitting the mean PR, or donor only 

and mean. However in the of split states, the difference between the mean PR and lower 

state PR was usually larger than the nick or single nucleotide gap equivalent split state 

two state models. Additionally, the increase of PR with increasing magnesium 

concentration is clearly seen in both the near-mean and high PR states. Transition rates 

are also suspiciously similar to the one nucleotide gap, most of them falling in the 100s-1 

to 1000s-1 range, for transitions between high and near mean PR states. Transition rates 

from donor only to the near mean PR also fell in the 500s-1 to 1500s-1 range, the reverse 

transitions fell in the 20s-1 to 100s-1 range, while transitions in both directions from donor 

only to high PR state were more variable but very slow, usually longer than the 

experimental duration. One final observation is that the two nucleotide gap mean and 

high PRs were always somewhat lower when comparing equivalent conditions to those of 

the two nucleotide abasic gap. While it is tempting to assign the three state model to a 

stacked unstacked equilibrium, the invariance of the transition rates, which are all close 

but still less than the diffusion time makes the reliability of these models suspicious. 
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Further, the lockstep increase of both near mean and high PR with the mean PR also cast 

suspicion on this model. The more conservative interpretation is that these are somewhat 

overfit models, where background fluctuations create single burst differences that are 

then fit to these three states. The lower state probably is however a legitimate detection of 

donor only bursts leaking through the PIE filter. 
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Figure 4.10 Results of H2MM processing for Two nucleotide gap substrate. All acquisition, and 

solvent conditions are identical to those for Duplex, see Figure 4.7 caption for details, figure also 

follows the same organizational format 
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Figure 4.11 Results of H2MM processing for two nucleotide Abasic gap substrate. All 

acquisition, and solvent conditions are identical to those for Duplex, see Figure 4.7 caption for 

details, figure also follows the same organizational format 



150 
 

4.6 Conclusions 

While structurally similar, nicks and gaps show distinct degrees of sensitivity to divalent 

cation concentration. Average end to end distances for gapped structures clearly decrease 

with increasing magnesium concentration, while nicks are nearly insensitive. Thus far, 

this is the first study to my knowledge to directly investigate the effects of divalent metal 

ions on such junctions. For nicks, there are two primary non-mutually exclusive sources 

of the observed decrease in average end to end distance: 1) increasing magnesium 

concentration increases the flexibility of the stacked conformation of the DNA, and 2) 

higher magnesium concentration permits either longer or more frequent unstacking 

events. Gaps also introduce the potential for the gap nucleotides to enter an extrahelical 

state and the ends of the duplex to stack against each other.58  Unfortunately, the 

timescale of unstacking events is likely very short. H2MM processing was employed to 

determine if such events occur, and results remain inconclusive, as effects from 

background hampered interpretation, resulting in transition rates for stacked-unstacked 

models residing in a range slightly longer than the diffusion time, a range where H2MM 

predictions are often inaccurate or at least suspicious. Further, in these models, both the 

“stacked” and “unstacked” states increased in PR to similar degrees as the mean PR with 

increasing magnesium concentration, raising further suspicion to their veracity. Other 

experiments however, indicate that the lifetime of unstacked states is likely close to or 

shorter than the lifetime of the fluorophores, and thus even if they did occur, these could 

not be detected by H2MM.54,58 Thus, distinguishing these two mechanisms is not possible 

at this time.  
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4.6.1 Energetics of Bending 

Consideration must now be given to understand why nick was much less sensitive to 

divalent metal cation concentration, and by what mechanism the metal ions cause the 

overall increased bending of the gapped structures. Two key factors help to stabilize the 

extended conformation of all the DNA structures studied. These are aromatic stacking 

and charge repulsion. Aromatic stacking should not be affected by ionic concentration, 

while charge neutralization will be affected by ionic concentration. High ionic 

concentrations will shield the negative charge of the DNA, and thus flatten the energy 

well of bending. Thus, while the most extended configuration is the enthalpically most 

stable state, thermal fluctuations will enable a greater range of bent angles to be explored 

at very short timescales by the DNA. However, unstacking will introduce a much larger 

energy barrier, and thus restrict DNA from bending to sharp angles. This effect is 

significantly magnified for nicks compared to gaps, as nicks can stack a pair of 

nucleotides at the nick site, with equivalent base stacking as duplex, while gaps allow 

only one of the two nucleosides to stack, the other being absent. This was seen in recent 

MD simulations, where nicks experiences approximately double the energetic cost for 

bending compared to gaps,54 these simulations were carried out only at 10mM MgCl2 

however, the upper range of this study, where electrostatic repulsion contributes the least 

of all conditions tested. This explains the near insensitivity of nicks to divalent metal 

cation concentration, as the dominant energies restricting its conformation are base 

stacking while the electrostatic repulsion of the duplexes and base stacking energies will 

be more comparable for gapped structures.   
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Chapter 5 Microfluidics-based single-molecule FEN1-DNA interactions 

5.1 Introduction 

Currently all measurements of ksto at a single molecule level have utilized TIRF 

microscopy, and thus are limited by the frame rate of the camera, which has traditionally 

been in the hundreds of milliseconds time scale. Traditional confocal based techniques 

require equilibrium measurements, because of the limitation of only measuring a single 

molecule in the confocal volume, and traditional flow cells cannot isolate or synchronize 

the reaction of molecules relative to the confocal volume, as they are fundamentally 

simple chambers where all molecules are either immobilized on a surface or entirely free 

to diffuse throughout the entire chamber. 

A few groups like those of Bakajin,208,240–242 Deniz,243  Weiss,209 and Schuler,244 have 

developed an ingenious strategy to overcome this limitation of confocal based single 

molecule measurements, a strategy they developed for investigating protein folding. 

Their strategy was to build a specialized microfluidic mixing device, which coupled 

spatial and temporal positions to allow for observation of the time course of the folding 

reaction. In this device, reaction was initiated by mixing FRET labeled protein in a high 

concentration of denaturant, with a large volume of diluent buffer, thus reducing the 

denaturant concentration and initiating folding.240 This was done under continuous flow 

where three streams, two side streams containing diluent, and a center stream containing 

denatured protein were joined at a mixing point. The mixing point was made as narrow as 

possible so that diffusion would be fast relative to the length scale, either 2µm240,241 or 

5µm244 in width using silicon or polydimethylsiloxane (PDMS) respectively. An added 

benefit is that narrow channels also mean lower flow rates, reducing reagent 
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consumption. The mixing point effectively synchronizes the reaction, and the position 

along the exit channel can then be correlated with the time after initiation of the reaction, 

so long as constant flow rate and therefore velocity is maintained. Thus, by positioning 

the confocal volume at different points along the exit channel, various time points after 

mixing can be obtained, and thus a picture of the course of the reaction of interest is 

developed. To ensure even mixing and full synchronization, it was also important to 

maintain laminar flow. 

To our knowledge, this method has only been applied to protein folding reactions, but we 

see no reason why it could not be applied to other enzymatic reactions such as FEN1 

cleavage of DNA flaps. Thus it provides a means to probe the cleavage reaction and 

potentially see short lived hidden states in the binding process not visible due to the lower 

time resolution of TIRF. This method does have one distinct drawback over TIRF: it 

cannot observe a single molecule over a time course longer than the diffusion time, thus 

rebinding events will not be visible. It can be thought of as having single molecule 

resolution in observing conformational states, but ensemble when observing changes in 

states over time. Thus I sought to implement this fast mixing method for use with FEN1 

cleavage. 

5.2 Device Design 

Masks for devices were first designed using L-edit, replicating as best as possible the 

central mixing configuration seen in the relevant papers.241,244 Files were stored as L-edit 

.tdb files, and once the design was finished, exported to GDSII format, which is accepted 

by the Heidelberg uPG-501. 
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5.2.1 Silicon Device Design 

For silicon devices, the mixing point featured all three inlet channels converging at an 

acute angle to each other and their widths progressively narrowing to 2µm at the 

convergence point, and the flow immediately restricted down to 2µm, side inlet channels 

were 50µm wide, while the center inlet channel was 10µm wide entering the mixing 

region. Inlet holes were designed with multiple concentric rings of posts to act as pre-

filters, and in each inlet channel and additional filter, there was another a series of posts, 

whose sizes and spacing progressively decrease as the fluid approaches the mixing point 

were designed to serve as a final filter to unsuccessfully prevent clogging. Several exit 

channel configurations were designed. The most basic was a 10µm wide constant width 

channel. In the next channel configuration, the exit channel started at 10µm width for 

200µm, before expanding linearly to 100µm wide over another 200µm long track, which 

continued straight to the outlet hole. A final design featured a much longer expansion 

track, expanding to 600µm wide over a 2950µm long track, again in a triangular pattern. 

This was to allow a variety of time scales to be investigated, as wider channels 

correspond with slower flow rates. 

5.2.2 PDMS Device Design 

The PDMS design featured a wider region, the three inlet channels met at 90 degree 

angles to each other, the channels first narrowed to 5µm width at the mixing point, and 

then proceeded down a 5µm wide channel which extended for 40µm before expanding to 

50µm in width. This 50µm wide channel extended straight all the way to the outlet hole. 

Square posts were arranged in a grid pattern in the inlet and outlets to create “landing 

pads” which function both to ensure that the PDMS would not collapse and function as 
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pre-filters for reactant solutions. Immediately after the inlets, a series of pillars was 

arranged progressively closer to each other to create filters similar to those in the silicon 

devices.  

 

Figure 5.2 PDMS device blueprints. A) Schematic of entire wafer, all subsequent 

schematics are expansions of regions of this schematic. B) Schematic of single mixing 

device C) Schematic of filtered inlet/outlet pads D) Schematic of mixing region 
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5.3 Device Fabrication 

5.3.1 Silicon Device Fabrication 

For fabrication of silicon devices, a basic silicon wafer was chosen, utilizing the standard 

100mm (sometimes also labeled as 4in) wafer diameter, and common 500µm thickness 

(100mm diameter, 500µm thick, purchased from University Wafer Si Item #452, P type, 

B doped, <100> crystal oriented, 0-100Ohm-cm, single sided polished wafer). These 

wafers were first treated with hexamethyldisilazane (HMDS) at 150°C in a vapor 

deposition chamber. The HDMS covalently attaches to the silicon surface, creating a 

single molecule thick hydrophobic coating on the wafer, which promotes photoresist 

adhesion.245–247 Then photoresist AZ5214 was applied by spin coating at 3000rpm for 30s 

to create a 1.6µm thick layer of photoresist. To solidify the photoresist by driving off 

solvent, the wafer was baked for 60s at 110ºC on a hotplate. These were then exposed on 

the Heidelberg uPG-501 at 0 defocus and 70ms exposure time. Exposed wafers were 

developed in developer solution AZ701 for 60s with gentle swirling, then they were 

removed and rinsed with milliQ water and dried with compressed N2. The pattern was 

then inspected under a dissecting microscope to confirm pattern was developed properly 

and development had not disturbed the pattern. The HMDS treatment was not performed 

in the first iterations of device fabrication, which resulted in poor adhesion of the 

photoresist to the silicon, which had the largest effect on small structures. This was most 

notable in the filter region, where the many pieces of photoresist, especially the squares 

in the filter region that would become the filter posts, would often be moved or even 

completely washed away. In the mixing region, it was sometimes observed that the ends 

of the photoresist would move, creating an uneven distribution of widths of streams 
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where the solutions would meet. Large, low resolution areas were largely unaffected. 

After introduction of HMDS coating, these issues disappeared. The developed wafers 

were then etched with deep reactive ion etching (dRIE). Etching was done by alternating 

SF6 for etching and C4F8 for passivation248 in Oxford Instruments PlasmaLab 100. After 

etching photoresist was removed by successively more extreme methods. First rinsing 

with acetone would remove the majority of photoresist, however simple visual inspection 

made obvious that patches of photoresist remained. Plasma cleaning proved insufficient, 

and occasionally destroyed the pattern as well (see Figure 5.3 D), while dipping in 

Pihrana solution at 115°C (1:10 volume mix of 30% H2O2 and concentrated sulfuric acid, 

however H2O2 concentration cannot be defined precisely as it both evaporates and is 

consumed in the cleaning process, H2O2 is added before every cleaning, and seems to be 

effective over a broad range of concentrations) proved to be the most effective, and thus 

after the first iteration, acetone and then Pirhana became the standard cleaning process. 

After Pirhana dip, the wafer was rinsed thoroughly with deionized (DI) water, and then 

dried in a spin dryer. Depth of etch was first checked with profilometry, and them, for 

select wafers, imaged under scanning electron microscopy (SEM). 100 cycles of etching 

resulted in 12µm etch depth. Initial etches were done either at -10°C but undercutting was 

observed around the mixing region (see Figure 5.3 C). To address this, the temperature 

was raised to 10°C. It was also noted that results were better when using one of the two 

seemingly identical machines. Discussion with the core lab staff revealed that the 
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machine producing poor results required cleaning. Future etchings were done exclusively 

on the clean machine. Care must be taken to use an etching machine which has been 

Figure 5.3 SEM images of etched silicon wafers. A) Example of wafer with ideal etching 

conditions; top left: overall device architecture; top right: inlet filter; bottom left: mixing 

region; bottom right: filter pillars B) Example of properly etched silicon mold for PDMS 

devices, top left: overall device architecture, top left: mixing region with measurements, 

bottom right: same as top left, but without measurements, bottom right: filter inlet. C) 

Example of undercutting during etching for silicon based device, top left: overall device 

architecture, note damage in upper corner; top left: filter posts, note how undercutting 

results in narrow connection of posts to basal silicon, resulting in some posts breaking 

and falling over; bottom left, another differently undercut silicon device, focus on mixing 

region, note overhangs of walls where channels join; bottom left: undercut filter posts, 

and poorly developed photoresist. D) Damage as a result of ashing on silicon based 

device; top left: overall device architecture; top right: mixing region; bottom left: filter 

inlet; bottom right: bend around resistor 
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properly cleaned and which does not have residue build up within the chamber. Further, 

core labs staff have since ceased to use this recipe, as others continued experiencing 

issues with it. In seeking to replicate these devices, it would be best to consult with the 

relevant staff and use their recommended recipe. 

After cleaning the silicon wafer, and inspecting for defects, the inlet and outlet holes were 

made in the wafer again by deep RIE, this time around 1400 cycles were required, and 

recipe was modified to allow for deep etching. I followed the same process used by 

Kurra, Syed and Alshareef.249 The same Oxford Instruments Plasmalab100 was used, at a 

temperature of 20°. Each cycle consisted of 7s of SF6 etching and 5s of C4F8 passivation. 

Both steps in the cycle had a total chamber pressure of 30Torr, and coil power of 1300W. 

Plasma power during etching step was 30W, and (C4F8/SF6) gas flow of 5/100sccm. 

Passivation step had a plasma power of 5W and (C4F8/SF6) gas flow of 100/5sccm. Once 

holes were made in the wafer, it was cleaned with Piranha solution again, and then 

bonded by anodic bonding with the help of those in the nanofab corelabs. Once anodic 

bonding was complete, the wafer was visually inspected for any defects in the bonding, 

as small dust particles trapped between glass and silicon will create unbonded defects. If 

these are in the vicinity of a channel, they might compromise device function. After 

inspection, the wafer was then diced with a diamond blade. 

After dicing, the silicon devices were separated from one another. After dicing, the 

devices are ready and can be placed into the holder/reservoir assembly for experiments 

on the microscope. 
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5.3.2 PDMS Device Fabrication 

5.3.2.1 Silicon Mold Lithography 

For PDMS device fabrication, first the silicon mold was prepared using the same 

photolithographic techniques as for the silicon devices. Adjustments had to be made to 

accommodate the negative profile of the channels. These are: the mask was set to clear in 

the Heidelberg uPG-501; the development time was extended to 90s seconds. Otherwise, 

procedures were identical. It was initially expected that the number of etching cycles 

would need to be adjusted; however, upon initial tests with 100 cycles, it was found that 

the etch depth was 13µm, which was ideal, and thus 100 cycles in the 10˚C slow etch 

recipe was kept for making the PDMS silicon molds. After Piranha cleaning, the mold 

was then coated by vapor deposition with HMDS. This step is necessary to prevent 

PDMS from bonding with the silicon mold. This coating was usually stable for weeks on 

end; however, after one or two PMDS castings, it would wear away, and thus after every 

casting, the silicon mold must be recoated with HDMS. 

5.3.2.2 PDMS Casting Tray 

Casting was carried out in a casting tray. Several iterations were attempted. Initial casting 

trays were made by solvent welding a 4mm thick polymethyl methacrylate (PMMA) 

square to a 3mm thick PMMA square with a cut out for the mold. Inside the recess, the 

silicon mold was placed. PDMS was then poured into the recess to fill above the rim of 

the casting tray. Then a top PMMA lid was placed over the casting tray to create a PDMS 

cast of defined thickness. Inside this top piece, two vent holes were cut at opposite edges 

of where the recess was on the other piece of the casting tray. This configuration was 

found to be non-ideal as: 
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1) PDMS polymer would seep around the bottom of the mold, and anchor the mold 

to the casting tray, making it impossible to remove the mold to recoat with 

HDMS. 

2) To prevent bubbles from getting trapped, the top piece had to be angled onto the 

PDMS, starting the square at one edge and slowly lowering the opposite edge 

onto the PDMS before screwing everything down hand tight. However, even with 

care it was difficult to completely eliminate the bubbles 

The first attempt to solve issue 1 was to not bond the bottom square with the cutout 

square, relying on pressure to prevent PDMS leakage. This did not prevent the seepage of 

PDMS polymer around the backside; however, it did allow for razor blades to be used to 

separate the mold from the bottom PMMA. Nonetheless, this was still less than ideal, as 

often the razor blades would create too much displacement on one side of the silicon 

mold causing it to crack. The final solution was to use a 1.5mm thick 

polytetrafluoroethylene (PTFE), also known as teflon, spacer instead, the casting hole 

was made slightly smaller than the silicon wafer, thus creating a gasket. Using this 

technique the PMDS could not seep around the edges. 

Regarding issue 2, this was addressed by changing the order of events. The full casting 

assembly was assembled before the PDMS was introduced. Then a funnel was inserted 

into one of the vent holes, now a PDMS injection hole, and the PDMS was allowed to 

flow into the casting tray by gravity through a funnel. Additionally, instead of having just 

one vent hole, now a series of 8 smaller vent holes were placed around the edge of the 

casting volume. In this way a minimum number of bubbles were introduced into the 

PDMS casting volume. 
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PDMS polymer was prepared by adding 50mL of PDMS pre-polymer with 5mL of 

curing agent in a PDMS mixing cup (10:1 ratio) and then mixing in a vacuum rotary 

mixer (ThinkyMixer ARV-310LED). This allowed for degassing and mixing at the same 

time. This mixer could be directly poured as described in the above sections. 

Once the PDMS casting tray was filled and assembled, the PDMS was cured for 3 hours 

to overnight at 60˚C in a curing oven. 

5.3.2.3 PDMS Casting  

Once cured the solidified PDMS was remove as one piece from the casting tray, care 

must be taken separating the PDMS from the mold, which tended to pull away from the 

casting tray in the final iteration using the PTFE spacer. Whis was another point at which 

the silicon wafers had a tendency to crack, and the PMDS had a tendency to tear. Once 

removed from the casting tray and silicon mold, the 7 PDMS devices that composed each 

casting were separated from each other. Though laser cutting was considered as a way to 

separate the devices, initial tests showed that laser cutting would produce an excess of 

dust, and that aligning the cuts was too difficult. Thus, manual cutting was used instead 

of laser cutting. This was done using a scalpel and a dissecting microscope to maintain 

the most precise cuts possible. Later iterations of the PDMS silicon mold design also 

incorporated extended lines to help guide the cuts beyond the device positions.  

5.3.2.4 PDMS Device Final Assembly 

Once devices were separated from each other they were stored channel side down on a 

clean piece of PMMA in the clean room. When ready for final assembly, the first step 

was to punch inlet and outlet holes with a 1mm or 1.5mm biopsy punch. In the final 

iteration, the 1mm punch was used. Precise positioning of the holes proved to be difficult. 
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In the end a small PMMA stamp was used, the PMDS device was first positioned inside a 

holder, which had holes for the punch to pass through the bottom, making sure the 

landing pads in the PDMS device lined up with the exit holes. Then, a second PMMA 

stamp was placed over the top, which had equivalent holes to guide the biopsy punch. 

The punch was then used to punch inlets and outlets into the PMDS device. Once the 

holes were made, the device was removed, and the surface of the channels was cleaned 

with scotch or captan tape.  Then the device was placed into a plasma cleaner, channel 

side up with a clean 24x24mm coverslip and exposed to O2 plasma at moderate power for 

40s. Then the coverslip was lowered, the plasma exposed side facing the PDMS, onto the 

channel side of the PDMS device using forceps, starting at one edge and angling the 

coverslip down onto the PDMS. In the ideal case, a visible bonding front would move 

quickly across the contact between the PDMS and coverslip. If this failed to occur, 

forceps were used to lightly encourage the bonding to occur. Again, this was a risky 

undertaking, as too much pressure in the center would cause the channels to buckle and 

close, especially at the mixing region, thus rendering the device useless. Assuming all 

went well, this bonding would result in a permanent and leak-free bond between the glass 

and PDMS, with all channels remaining intact. Channel integrity was inspected with a 

dissecting microscope to confirm no channels had collapsed or sealed. 

5.4 Microscope Holders 

Pressure was provided by Elveflow OB1 pressure controllers. For silicon based devices 

the 0-8 bar pressure channels were used, for PDMS devices depending on availability, 

0-2, 0-8, or -2 to 6bar pressure channels were used. Parts for the assembly that interface 

the microfluidic chips with the microscope were designed by describing the designs to 
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workshop staff who implemented the designs in SolidWorks, and then computer 

numerical control machine (CNC) milled the designs from either stainless steel or 

PMMA as requirements mandated. See Figure 5.4 for full designs. To ease construction 

and interchangeability, all screws used in the device were M3. The components were as 

follows (Figure 5.4):  

1) Base Plate 

a. Microscope Base 

b. Positioning Plate  

2) Chip Holder 

a. Chip Holder Bottom 

b. Reservoirs Holder 

c. Chip Holder Top 
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Figure 5.4 Blueprint designs for silicon and PDMS device holders, and baseplates 
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The microscope base and positioning plate were constructed of stainless steel, and held 

together by screws. The base was built to sit in the microscope stage, and has a 

rectangular cutout for the microfluidic chip, allowing the objective to observe the flow 

channels. The positioning plate sits on top of the base, with a larger cutout for the chip 

holder assembly, including notches for positioning. The positioning base also has 

overhangs that allow the base to also interface with positioning holes on the microscope 

stage. Thus the whole assembly could be repeatedly repositioned on the microscope 

stage.  

The chip holder assembly was fabricated from PMMA. The reservoir holder being the 

central component. Into the block of PMMA, reservoirs of 4mm diameter were drilled 

part way down from the top, and completed with smaller 1mm diameter holes drilled to 

the bottom for interfacing with the silicon or PDMS chips. Reservoirs were positioned 

directly over inlet/outlet holes in the microfluidic chips. Tapped holes were drilled 

horizontally near the top of the reservoirs holder for interfacing with the push connectors 

that connect to the pressure tubing. Chip holder bottom and top were rectangular or 

square for silicon or PDMS respectively, with outer dimensions corresponding to the 

reservoir holder. Recesses were cut out in the top and bottom of holder for silicon devices 

to accommodate O-rings (Nimax AS-568A-005 for top O-rings, Nimax AS-568A-002 for 

interfacing with the silicon chip), and only on the top for PDMS devices (Nimax AS-

568A-005). Chip holder tops were rectangles or squares, with recesses cut out for O-

rings, and holes for screws to secure the reservoir holder. The chip holder bottom 

contained a recess for holding the chip, and an oblong or circular cutout to allow 
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microscope objective access to the microfluidic chip, and holes for screws to secure 

bottom to the reservoir holder.  

Leakage and collapsing of the mixing channel in the PDMS chip proved often to be 

opposing problems. When the chip holder bottom was either not used, or connected 

without adding any compressive pressure, the solution would leak around the edges of the 

PDMS chip, and not enter the channels. On the other hand, when the chip holder bottom 

was tightened to apply pressure to the chip to seal the PDMS against the reservoirs, the 

central mixing channel would collapse and seal, thus preventing flow of solution into the 

exit channel. To address this, variations of vacuum channels were etched into the 

reservoir holders. The first test was done by taking an existing PMMA reservoir holder, 

and laser etching in channels with the narrowest possible setting (hairline) on the laser 

cutter, which were estimated to be around 100µm in width. An additional 1mm hole was 

drilled from the bottom partway to the top, and met with another horizontal tapped hole 

to allow for vacuum channels to connect to a vacuum supply. This test proved promising, 

as the PDMS device did not leak, although upon close examination, there was some 

seepage of solution into the vacuum channels, thus depleting the reservoirs, without any 

solution flowing through the PDMS channels. A new reservoir holder was fabricated, 

with the vacuum channels CNC milled into the holder itself. Due to the limits of CNC 

milling, these vacuum channels were 0.9mm in width, and 0.5mm in depth. However, 

this proved to be too large, as whenever vacuum was applied, solution from the reservoirs 

was easily seen flowing through the vacuum channels, which were assumed to be both 

too wide and too deep to allow for proper sealing of PDMS to the PMMA. The final 

solution was to CNC mill a final PMMA reservoir holder, with all features except the 
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vacuum channels. Then vacuum channels were etched with the laser cutter into a 1mm 

thick PMMA sheet, and inlet and outlet holes were also laser cut into the same sheet. The 

sheet was then heat welded to the bottom of the chip holder. This was done by aligning 

the two pieces to each other, and then placing in a heated press. The sandwich was 

pressed together with 4.5N (1lb) of pressure and heated to 70°C for 1hr. This provided a 

much more complete, consistent, and bubble free weld compared with chloroform solvent 

welding. Initially some leakage was observed, however, this was solved by making sure 

to clean both reservoir holder bottom, and PMDS chip top thoroughly with ethanol, 

wiping with a kimwipe, and finally with scotch tape to remove any small particulates 

from the surfaces. It was also found that attaching the chip holder bottom with the most 

minimal pressure prevented any leakage into the vacuum channels. 

Even once leakage was fixed, filling all three inlet channels proved to be difficult. A 

number of iterations of filling procedure were attempted. Initial attempts would simply 

apply pressure, usually 200mbar to all three inlet channels at once. This would result 

usually in one or two of the inlet channels filling with fluid, leaving the third channel 

filled with air, most commonly the center channel. Increasing the pressure on this channel 

rarely resulted in it filling, and if it did fill, then it was common for one of the other 

channels to be evacuated. Starting with pressure in the center channel first and then 

starting pressure on the side channels proved similarly fruitless, with channel filling 

remaining largely random. Using higher pressure in the center channel was also fruitless. 

In the end it was found that the most consistent and effective method of filling all 

channels was to initiate the filling process not with pressure, but by applying vacuum to 

the outlet channel, and then applying equal pressure to all inlets.  
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5.5 Comsol Simulation 

 

Comsol was used to simulate the mixing of the designed devices. Two dimensional 

geometries of the mixing region of both the silicon and PDMS designs, identical to those 

designed in L-edit, were built in comsol, and then built 15µm in the z-dimension. 

Additionally, when undercutting was observed in SEM images, a modified geometry was 

built to analyze the severity and nature of the detrimental effects of such undercutting. 

These were built by first making a pair of two dimensional geometries, spacing them 

Effect of unde rcutting in 3D cross-section

PDMSDevice Simulation

Silicon Device Simulation

Figure 5.5 Concentration profiles in Comsol simulations. A) Mixing with a non-undercut 

silicon device. B) Concentration profile slices of silicon device with undercutting 

showing z partitioning C) PDMS device mixing 
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15µm apart in the z-dimension and then connecting them. The first geometry was built 

mimicking the L-edit design, however, the throat of the mixer was rounded, and the point 

where the walls dividing the three inlet streams was also modified slightly to better 

mimic the observed SEM images. The second geometry maintained the same throat, 

however the point where inlet streams met was pushed back by 20µm, with an open 

triangle defined by the outer edges of the inlet channels replacing the displaced area. 

Simulations were carried out using the default settings for water, and incompressible 

flow. The diffusion coefficient of the dissolved species was set to 10-9m2s-1 as we did not 

have precise measurements of the diffusion rate of our proteins or DNA.   

Setting inlet pressures was also somewhat arbitrary, as simulations were done in advance 

of experiments, thus the optimized operating pressures were unknown. Further, because 

microfluidic devices were too large to practically simulate, the pressure drop from actual 

inlet to the point where simulation began was unknown. In the end,  

mixing simulations showed that when there was no undercutting, the flow was essentially 

identical across z positions, and mixing occurred quickly and evenly, reaching nearly 

even distribution within 2µm after the choke, while for the PDMS device, the wider 

mixing region made diffusion less effective, and the importance of the 30µm neck 

became evident. Mixing was significant at the end of the neck, but clearly not as 

thorough when compared with that of the silicon devices. Still, the results showed that 

both devices would be effective as fast mixers. 

The simulation of a silicon device with undercutting revealed that this is highly 

detrimental. The undercutting resulted in the flows partitioning in the z-direction. The 

side channel flow partitioned towards the “upper” surface, where the flows joined earlier 
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than the designed mixing region, while the central channel partitioned towards the 

“lower” surface. Because of this, high and low concentration regions were never brought 

as close to each other, as the restriction was the 15µm channel depth, instead of the 2µm 

mixing region. Thus, even by the end of the exit channel in the simulation, while there 

was definite distribution throughout the entire channel of the solute, concentration was 

clearly higher towards the lower surface, thus slowing and reducing the quality of 

mixing. Thus it is highly recommended to only select etching parameters that do not 

result in undercutting, and to reject any wafers in which undercutting is observed. As 

such, all wafers that showed undercutting when examined under SEM were rejected. 

5.6 Conclusions 

I was able to replicate the architectures of both silicon based and PDMS based devices 

made by the Bakajin and Schuler, however clogging and high background respectively 

proved to impede by ability to utilize these devices to observe catalysis by FEN1. Bakajin 

also mentioned problems with clogging,241 although filters were included in my design as 

Bakajin indicated these would increase lifetime of the device. However my devices still 

clogged much faster than Bakajin’s. This could be due to poor filtering, protein 

aggregation, or particulates left on reservoir holders, or even flaking from channel walls. 

SEM imaging showed some remaining roughness even under the most ideal etching 

conditions. We lacked methods to dissect the devices and determine ultimate cause, and 

thus I attempted PDMS devices instead.  PDMS devices are much closer to being usable. 

However, while I was successfully able to maintain flow through the device without 

clogging, background levels were too high for single molecule measurements. This 

background was likely from the PDMS elastomer I used. Holder design also proved to be 
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difficult. Certain limitations were faced by our facilities ability to manufacture the more 

complicated holder designs. These never caused issues with the silicon based devices, 

however, vacuum channels proved to be necessary for PDMS devices, and I wasted 

significant time by not including them in my initial designs. At this point, I suspect that I 

would be within around three to six months of fully implementing the system with FEN1, 

depending on delivery time of higher purity PDMS prepolymer. My largest limitation 

was the lack of individuals with experience on microfluidics involving features smaller 

than 10µm. 

I would also be remiss not to mention an alternative method might be more ideal for 

observing cleavage at high time resolutions. The advent of scientific complementary 

metal oxide semiconductor (sCMOS) cameras has allowed TIRF imaging to achieve near 

millisecond time resolution, comparable to that of my confocal based immobilized data, 

while having a much higher throughput.250 While not necessarily able to reach the same 

time resolution as H2MM, this method would not suffer from the inability to follow the 

time course of single molecules, and thus would be a very attractive alternative for 

groups provided the funds to purchase a sCMOS camera. 
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Chapter 6 Gated Lifetime Single Molecule FRET 

6.1 Introduction 

Single molecule FRET experiments usually require that individual FRET pairs are 

spatially isolated enough from one another such that their point spread functions do not 

overlap.251 This can present problems when examining distribution of binding partners in 

cellular imaging, or any other such instance where one of the interacting partners is 

present at higher concentrations than this limit would allow. However, fluorescent 

lifetimes and the kinetics of FRET itself may be manipulated for our advantage. What we 

propose is to label the species of interest that is present in high concentration with a short 

lifetime acceptor, while the donor must still be present at concentrations low enough such 

that point spread functions are well separated. Using pulsed laser excitation and time 

gated detection, FRET signals could then be isolated. The primary benefit of this method 

is the dramatic reduction of signal from direct excitation. 

FRET depends on fluorescent lifetime, recall equation (10), bellow presented is its 

inverse to give the FRET lifetime instead of rate: 

 
𝜏𝐹𝑅𝐸𝑇 = (

𝑟

𝑅0
)

6

∙ 𝜏𝐷,0 
(10) 

 

Where τD,0 is the donor lifetime in the absence of a FRET partner. Thus the fluorescent 

decay of FRET emission (emission from the acceptor fluorophore as a result of FRET) is 

proportional to the lifetime of the donor, while the fluorescent decay resulting from direct 

excitation is the normal fluorescence lifetime of the acceptor, τA. If τD,0>>τA, then 
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applying a time gate could be used to filter most of the direct excitation signal from that 

of direct excitation. 

Organic fluorophores and quantum dots therefore make an attractive pair for such a 

setup.252 While organic fluorphores often have lifetimes of just a few nanoseconds, 

ThermoFisher quoting the Alexa Fluor dyes as having fluorescent lifetimes ranging from 

0.3 to 4.1ns, quantum dots often have lifetimes closer to 20ns.252 Thus using the below 

equation for fluorescence decays: 

 𝐹(𝑡) = 𝐹0exp (−𝑡
𝜏⁄ ) (20) 

A one nanosecond time gate will improve FRET signal by a factor of 2.58, and at five 

nanoseconds the signal will be improved by a factor of 116.  

6.2 Setup 

To demonstrate the potential of separating FRET from direct excitation background by 

utilizing fluorophores with disparate lifetimes, we selected the quantum dot Qdot625 

(Thermofisher) as the long lifetime donor and Alexa647 as the short lifetime acceptor. 

These were attached to complimentary DNA oligonucleotides to provide for a simple 

way to set the distance between donor and acceptor, therefore providing a defined FRET 

signal. Complicating this issue however, commercial Qdots possess many labeling sites. 

To overcome this, in labeling the concentration of the oligo was made equimolar to the 

quantum dots, in contrast to the ThermoFisher protocol with advices a 40:1 protein to 

Qdot mole ratio in the labeling procedure. Qdots were labeled by mixing 25µL of Qdot 

625 8µM stock solution with 2µL of 100µM oligonucleotide, and 6µL of 10mg/mL 1-

ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) solution into 200µL of 10mM 

Borate pH 7.4 buffer. Reactions were allowed to proceed for two hours before isolation 
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of Qdots by five rounds of buffer replacement using 10kDa cutoff centrifuge 

concentrators. Qdots were stored at 4˚C.  

As seen in bellow table, several Alexa647 labeled oligonucleotides were designed, all 

also possessed a biotin group, to allow for biotin-neturavidin immobilization on a 

coverslip surface. 

Table 6.1 Oligonucleotide sequences used in for Qdot Liftetime FRET experiments 

Name Sequence 

lftAl647-24nt 5’biotinTTGGTCCGCCCGAtCATCCGCAGTGT*CCGGTAGACA

CtCGTCTACCACGC 

ltf-QdotRC 5amC6GCGAGGTAGACGAGTGTCTACCGGACACTGCGGATG

ATCGGGCGGACCAA 

 

6.3 Imaging Condition 

Flow cells identical to those prepared in section 2.2.1 for surface immobilized FRET, as 

before the coverslips were functionalized with biotin-PEG. Cells were then placed on the 

confocal microscope and 100µL of 0.2mg/mL NeutrAvadin in loading buffer and 

allowed to incubate for two minutes, allowing the NeutrAvadin to bind to the coverslip. 

This was followed by a wash with 100µL of loading buffer, and finally the acceptor 

oligonucleotide (ltfAl647-24nt) was loaded into the cell, by flowing 100µL of 0.1nM 

oligonucleotide in loading buffer. After one minute incubation another 100µL of loading 

buffer was flowed through the cell to wash away unbound oligonucleotide. Then 100µL 

of Qdot625 labeled with complimentary oligonucleotide (diluted 1:100 in loading buffer) 

was loaded into the cell, allowed to anneal for one minute, and then finally washed with 

100µL of loading buffer. Confocal microscope used same filters and dichroic mirror to 

separate donor and acceptor photons between the two τ-spad SAPDs.  
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6.4 Proof of Concept Results 

A 20×20µm square was imaged with 200×200 pixel resolution, and 1ms dwell time per 

pixel, under 532nm pulsed excitation. The built in fluorescence lifetime imaging scripts 

of Symphotime were used for data processing. As seen in Figure 6.1 A, a lifetime image 

of both channels combined and no time gating had high background, although there were 

clear points with higher photon counts. These points also displayed longer lifetimes 

(signified by more red color in Figure 6.1 A), suggesting these were quantum dots, and 

while the background had a lifetime consistent with that of Alexa647. When examining 

the donor and acceptor channels separately, it is clear that the background in Figure 6.1 A 

is almost exclusively in the acceptor channel, demonstrating that this background is 

indeed from direct excitation of Alexa647 whose labeling density exceeds the diffraction 

limit. Quantum dots are distinguished in the donor channel (Figure 6.1 C, 2nd column), 

with a SNR close to 30, while in the acceptor channel points are not clearly visible, with 

a SNR that is at best 2(Figure 6.1 B). By applying a time gate (Figure 6.1 D-E), 

background levels decrease in the acceptor channel, while remaining nearly constant in 

the donor channel, and Quantum dots undergoing FRET start to be resolvable with a 3ns 

time gate, with a SNR of 3, and the 5ns time gate has a SNR of 5. Not all Quantum dots 

in the donor channel are visible in the time gated acceptor channels. This indicates that 

there is both non-specific binding of the quantum dots to the coverslip which will not 

undergo FRET, while others are hybridizing to the oligonucleotide bearing Alexa647, 

which will undergo FRET. This served as a fortuitous internal control demonstrating that 

FRET was indeed occurring with some points, and not the result of leakage. 

Unfortunately, there are not enough total photons when a 5ns time gate is applied to 
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calculate FRET. Longer dwell times or higher excitation power would be necessary for 

proper determination. 
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Accep tor Channel Donor Channel

No gate

3ns gate

5ns gate

Profile along Quantum dot

Figure 6.1 Demonstration of discriminating FRET from direct excitation by time gated 

detection. A) FLIM image (donor and acceptor channels combined) greyscale 

representing total photon count per pixel and color indicating fluorescence lifetime. Red 

(longer lifetime) spots are quantum dots, green results from direct excitation. B) Signal to 

noise ratio defined by ratio of peak intensity to average photon count per pixel at 

different time gates. Note how acceptor SNR increases with increasing time gate as direct 

excitation is removed, while SNR decreases C-E) Left column: acceptor channel images, 

middle column: donor channel image, right column: donor and acceptor profile along the 

x dimension of two quantum dots undergoing FRET 
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6.5 Conclusions and Future Work 

These preliminary experiments demonstrate that it is theoretically possible to use a time 

gate to isolate a single molecule FRET signal in the presence of high direct excitation 

when the donor has a much longer lifetime than the acceptor utilizing a time gate. 

Currently the ability to quantify the FRET efficiency and thus measure distance is only 

vaguely confirmed, this would be the next step in verification of the method. This was 

due to the oligonucleotides used only allowed one distance between donor and acceptor, 

and after time gate, photon counts were too low. Either excitation power or acquisition 

time per pixel should be increased in order to increase photon counts to allow for better 

statistical analysis. A system allowing several separations between donor and acceptor 

should be implemented. Issues remain with the annealing conditions, although, this is 

somewhat immaterial as this was proof of concept, and annealing will depend on the 

system of interest. This implementation utilizes a confocal microscope which limits 

imaging speed and the size of the region of interest. A more ideal setup for application of 

this technique would utilize a camera which could block photon collection repetitively 

while collecting a frame to enable a time gate during pulsed excitation, such cameras are 

beginning to appear. Employing these, optimization of time gate would have to be done 

during acquisition, instead of during data processing, but once optimized, video rate SM 

FRET movies could be acquired.    
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Chapter 7 Conclusions and future work 

7.1 Conclusions and Future Work 

7.1.1 Flap Endonuclease 1 Mechanism 

Flap Endonuclease 1 catalysis proceeds along a mechanism with multiple checkpoints. 

Key to these checkpoints is the bending of the DNA, precluding structures without single 

stranded breaks. Interestingly, this process acts in a nearly diffusion limited nature on all 

substrates with single stranded breaks. Further discrimination between structures is 

accomplished by disrupting the stability of the binding of non-cognate substrates. Finally, 

there appear to exist non-catalytically competent binding pathways that act as funnels, 

preventing cleavage of non-cognate substrates. 

When considering the debate between conformational selection for bent DNA and 

induced fit, binding only during a bending event would preclude diffusion limited on 

rates, unless DNA binds to the FEN1 in an unbent state, and waits for the DNA to bend 

and unstack the bases around the junction. The frequency and duration of such unstacking 

events remains unclear, with experimental methods lagging behind computational 

approaches.54 My own H2MM analysis was clouded by high background, but even its 

time resolution is likely insufficient. The nsFCS technique approaches the time resolution 

required, but the unstacking events are also likely too rare to be detected by nsFCS.217,218 

This requirement for binding adds difficulty to using kinetics experiments, as this binding 

event prior to conformational change is normally how the induced fit mechanism is 

kinetically defined. NMR approaches probably provide the best means for discerning 

these dynamics. Bending must be a fast event, and is likely mediated by the partially 

structured hydrophobic wedge, which stabilizes the unstacking, essentially eliminating 



186 
 

the free energy penalty of unstacking. This applies to both induced fit and conformational 

selection models. Discussion of induced fit mechanisms often characterize it as involving 

large conformational changes in protein, which take milliseconds or longer.32 But this is 

fundamentally unnecessary in this discussion, as in this instance induced fit binding 

requires few, relatively minor conformational changes during the binding event. In many 

ways, different concepts are being discussed. After DNA bending, the following steps 

may be mediated by both induced fit and conformations selection mechanisms, as indeed 

the structuring of the helical cap has been shown to be.152 

Key to these steps is the sculpting of the DNA, which is also seen in other structure 

specific nucleases. The near universal pulling of the 3’ flap is key to destabilizing non-

cognate substrates and ensures that the active site is positioned to cleave at a point where 

a nicked product will be created. This ensures a ligatable product for ligase and prevents 

toxic products, such as gaps, from being created. By coupling structuring of the helical 

cap, and therefore active site assembly with the structuring of the 3’ flap binding pocket 

through residues at the end of the hydrophobic wedge, only when a 3’ flap can be stably 

formed will the proper catalytic complex be formed. Other 5’ structure specific nuclease 

family members lack this particular feature, as their cognate substrates do not have the 

ability to form such 3’ flaps. However, coupling of structuring of key regions for 

substrate verification may be a general feature for structure specific nucleases. 

7.1.2 DNA Dynamics 

Understanding the unstacking dynamics of nicked and gapped DNA unstacking remain 

elusive. What is certain is that the anisotropic bending of gapped structures increases with 

increasing divalent cation concentration, due to charge neutralization, while nicked 
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structures are significantly less affected due to full basepair stacking imposing a much 

more significant barrier to bending. Monovalent cations have much more limited effect 

on DNA, due to the reduced charge density and therefore neutralization. 

7.2 Future Work 

7.2.1 Fast Mixing with H2MM 

As the fast mixing approach is close to being implemented, application of this to FEN1 

cleavage, is the next logical step. With recent developments it seems unlikely that this 

alone would be able to reveal hidden states; however, it would allow for a more precise 

description of cleavage events relative to the current TIRF based cleavage data. The 

H2MM approach would offer an orthogonal view, and there is no reason these two could 

not be combined. However, new fluorophores should be investigated. The Cy3-Alexa647 

FRET pair is not bright enough for proper H2MM analysis, while whenever I tried to use 

the Atto532-Atto647N FRET pair with FEN1, there appeared to be near complete 

quenching of the Atto647N, and a decreased intensity of Atto532. Others have had 

success with Cy3b and Atto647N with RNA polymerase, and Atto643 is a newly 

produced fluorophore that AttoTec is marketing as having similar photophysical 

properties as Atto647N, while being much more water soluble, and thus makes for an 

attractive alternative to Atto647N. However, there are no guarantees, and thus it is likely 

that several iterations will be necessary before an appropriate combination is determined. 

Once these are combined, there is strong potential to observe a bent state prior to 

engagement of the 3’ flap for single and double flap substrates. Characterization of the 

dwell time of this step would be very fascinating in understanding the mechanism of 

FEN1. 
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7.2.2 DNA Dynamics 

There is surprising little research on the dynamics of nicked and gapped structures. 

Incorporating the full variety of dinucleotide combinations at the nick site would be the 

first, and most clear next step in the investigation, as well as switching to higher quality 

chambers to reduce background levels. However, further experiments need not be single 

molecule, but rather fluorescence lifetime based. Though small and brief, the study 

incorporating 2AP into the duplex at nick and gap sites was perhaps the most informative 

of the conformational dynamics of such DNA structures, in my opion.58 There were two 

key areas in which this research was lacking however: first, they only did cursory 

investigation of the effect of monovalent cation concentrations, and second, for gapped 

structures, they only placed 2AP in one position. By investigating both, that is varying 

the mono and divalent cation concentrations, and varying the placement of the 2AP 

nucleotide in the gap structures, a much more complete picture could be defined of the 

conformational dynamics of these DNA structures. The one key drawback of this mode 

of research is that it is that 2AP is a nontraditional nucleotide, and thus half of the 

stacking partners are nontraditional. Another interesting possibility is if a FRET pair 

could be more rigidly fixed to either side of the duplex, the use of anisotropy and FRET 

could be used to investigate the overall change in twist around the duplex when 

comparing full duplex DNA and nicked DNA. NMR based experiments with varied 

cation concentrations could also be interesting, although this would require significantly 

different expertise.  
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APPENDICES 

Table 0.1 Table of sequences of all synthetic oligonucleotides used in this thesis, 

sequences in this table are reported such that they can be used for ordering from 

integrated DNA technologies 

Name Sequence 

Chapter 3 oligos (FEN1) 

Ti 
TGACCG/iCy3/GTTTGACGGTCGTGAGGAGGAAAGTT/iAlex647N/C

CTCCTACGGCAG 

5Fi TTTTTACACGACCGTCAAACAACGGTCA/3Bio/ 

5FEQSh

ifti 
TTTTTTTCACGACCGTCAAACAACGGTCA/3Bio/ 

5FShifti TTTTTTCACGACCGTCAAACAACGGTCA/3Bio/ 

5FSFi TTTTTTACGACCGTCAAACAACGGTCA/3Bio/ 

5FBTi 
/5Biosg/TTTTTTTTTTTTTTTTTTTTTTTTTTTTTACGACCGTCAAAC

AACGGTCA 

3FNQi CTGCCGTAGGAGGAACTTTCCTCCTG 

3FEQi CTGCCGTAGGAGGAACTTTCCTCCTC 

3sNQi CTGCCGTAGGAGGAACTTTCCTCCT 

Ci 
CTGCCGTAGGAGGAAACTTTCCTCCTCACGACCGTCAAACACGGT

AC/3Bio/ 

Tf /5Biosg/GATGACGAGCAGTCCTAACTGGAAATCTAGCTCTGTGGA

G 

5Ff /5Cy3/TTTTTAAGTTAGGACTGCTCGTCATC 

3Ff ATCCACAG//iAlex647N/GCTAGATTTCCC 

3sf ATCCACAG//iAlex647N/GCTAGATTTCC 

Chapter 4 oligos (H2MM) 

T1 CGATCACAGTCAGACATTGCTCACACCTATTCACACCACGTTCG 

T2 
CGATCACAGTCAGACATTG/idSP//idSP/CACACCTATTCACACCAC

GTTCG 

P0 CGAACGTGGTGTGAA/iAmMC6T/AGGTGTGA 

P1 CGAACGTGGTGTGAA/iAmMC6T/AGGTGTG 

G0 /5Phos/GCAATGTC/iAmMC6T/GACTGTGATCG 

G1 /5Phos/CAATGTC/iAmMC6T/GACTGTGATCG 

G2 /5Phos/AATGTC/iAmMC6T/GACTGTGATCG 

F6 /5Phos/TTTTTTGCAATGTC/iAmMC6T/GACTGTGATCG 

D1 
CGATCACAGTCAGACATTGCTCACACCTA/iAmMC6T/TCACACCA

CGTTCG 

D2 
CGAACGTGGTGTGAATAGGTGTGAGCAATGTC/iAmMC6T/GACTG

TGATCG 

R CGATGAGCACCGCTCGGCTCAACTGGCAGTCG 

H CATCT/iAmMC6T/AGTAGCAGCGCGAGCGGTGCTCATCG 

X CGACTGCCAGTTGAGCGCTTGCTAGGAGGAGC 

B GCTCC/iAmMC6T/CCTAGCAAGCCGCTGCTACTAAGATG 
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Modifications are set off in slashes, modifications as follows: 

/3Bio/ 3’ biotin modification (via phosphate) 

/5Biosg/ 5’ biotin modification (via phosphate) 

/5Phos/ 5’ phosphate (if not included oligos 5’ terminus will be a 5’ OH) 

/iAlex647N/ internal AlexaFluor 657N modification, linked through C6 linker to C5 of 

thymine 

/iAmMC6T/ internal amino modification, linked through C6 linker to C5 of thymine 

/iCy3/ internal Cy3 dye modification 

/idSP/ internal abasic site, (1’,2’-dideoxyribose) 

 

Table 0.2 Oligo composition of substrates used in this study 

DNA substrate Oligo 1 

(usually 

template) 

Oligo 2 

(usually 5’ flap) 

Oligo 2 

(usually 3’ flap) 

Oligo 4 

Chapter 3 substrates (FEN1) 

NonEQ DF-6,1dsDNA Ti 5Fi 3FNQi  

EQ DF-6,1dsDNA Ti 5Fi 5FEQi  

SF-6,0dsDNA Ti 5FSFi 5FEQi  

SF-6,0shift Ti 5FEQShifti 3sNQi  

EQ DF-6,1shift Ti 5FBTi 3sNQi  

DF-30,1blocked/threaded Ti 5FBTi 3FNQi  

SF-30,0blocked/threaded Ti 5FBTi 3sNQi  

Duplex(FEN1) Ti Ci   

NonEQ DF-6,1flap labeled Tf 5Ff 3Ff  

SF-6,0flap labeled Tf 5Ff 3sf  

Chapter 4 substrates (H2MM) 

Duplex (H2MM) D1 D2   

Nick T1 G0 G0  

1 nucleotide Gap T1 G0 P1  

2 nucleotide Gap T1 G1 P1  

2 nucleotide abasic Gap T2 G1 P1  

Holliday Juntion R H B X 

 

Name Sequence 

Chapter 6 oligos (Time gated imaging) 

lftAl647

-24nt 

/5Biosg/TTGGTCCGCCCGAtCATCCGCAGTG/iAlex647N/CCGGTAGA

CACtCGTCTACCACGC 

ltf-

QdotRC 

/5AmMC6/GCGAGGTAGACGaGTGTCTACCGGaCACTGCGGATGaTC

GGGCGGaCCAA 


