
ABSTRACT 

XU, PENGNING. Dynamic Slippage of Mutagenic Trinucleotide Repeat DNA Revealed by 

Single Molecule FRET. (Under the direction of Dr. Keith Weninger). 

 

Trinucleotide Repeat (TNR) sequences in DNA represent a class of microsatellites whose 

expansion underlies over 20 human neurodegenerative diseases. Although it is well 

acknowledged that secondary structures formed by TNR DNA are responsible for the 

expansion/contraction mechanism, the molecular details remain unknown. We use single 

molecule fluorescence resonance energy transfer to directly resolve dynamic slipping of TNR 

DNA hairpins along the axis of the hairpin in units of the trinucleotide. We find that TNR hairpin 

of sequence (CAG) showed a strikingly patterned slippage depending on the parity of repeat 

number. We extend our research to other TNR hairpins, which all show slippage based on a 

triplet-nucleotide step. However, the slippage pattern varies with the sequence composition of 

TNR hairpins. We find that (CWG) hairpins had a higher probability of two-triplet steps than 

(GWC) hairpins, indicating that the energy difference in the loop at the turn of the hairpin is 

smaller in (GWC) hairpins than in (CWG) hairpins, reflecting fundamental energy differences 

between triloops and tetraloops. We also find that while CAG, CTG, and GTC TNR hairpins 

favor tetraloop over triloop structures whereas GAC TNR hairpins favor the opposite. We also 

describe advances in a Chung-Kennedy step finding analysis algorithm that allowed the kinetic 

results reported in this thesis. 
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CHAPTER 1. Introduction to DNA Trinucleotide Repeat and Single Molecule FRET 

 

1.1 Biological significance of Trinucleotide Repeat (TNR) 

Microsatellite DNA regions are short segments of repetitive DNA. Microsatellite DNA is 

an unstable component in the human genome as it can grow and shrink. It has been estimated 

that mutation rates of mononucleotide repeats, also known as homopolymers, and microsatellite 

(10-6 per cell division) are orders of magnitude higher than that of base substitution and small 

insertion/deletion errors (10-9 per cell division) in yeast, C. elegans, and human (Lynch et al., 

2008). The most common mutation in mononucleotide repeat and widely studied (GT) 

dinucleotide repeat is single unit change (Henderson & Petes, 1992; Streisinger & Owen, 1985).  

Trinucleotide Repeats (TNRs) are a subset of tandem repeats in the human genome where 

a triplet of nucleotides is repeated up to 30 times and more (Ellegren, 2004; Khristich & Mirkin, 

2020). In the 1990s TNR DNA sequences were reported to be clinically related to spinal and 

bulbar muscular atrophy (SBMA), fragile X syndrome, and myotonic dystrophy (DM), where the 

number of the repeats could change dramatically in an expected trend during the patientôs 

lifetime or across generations of repeat carriers, also known as ógenetic anticipation.ô (Caskey, 

Pizzuti, Fu, Fenwick Jr, & Nelson, 1992; Sutherland et al., 1991; Warren, 1996).  

Both large expansion and deletion of (CTG) repeat in a DNA plasmid were demonstrated 

to occur in E. coli depending on the cell strain, where (CTG·CAG) repeats expand most 

frequently followed by (CGG·CCG) and (GTC·GAC) repeats (Jaworski et al., 1995; Ohshima, 

Kang, & Wells, 1996). Factors that affect the TNR stability in E. coli are repeat length, 

interruption, TNR orientation to the replication origin, host strains, TNR location, and copy 

number of the host vector. In E. coli and yeast, large (CTG) repeat deletion occurs frequently in 
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the lagging strand while expansion, although more rare, is observed more often in the opposite 

orientation, with longer tracts increasing the frequency of instability (Freudenreich, Stavenhagen, 

& Zakian, 1997; Kang, Jaworski, Ohshima, & Wells, 1995; Maurer, O'Callaghan, & Livingston, 

1996). Selective genetic assays quantitate the expansion rate in yeast of (CTG)25 to be ~10-5 per 

cell division in leading strand and <10-7 per cell division in lagging strand whereas the overall 

contraction rate of (CTG)50 is ~10-3 per cell division (Juan José Miret, Pessoa-Brandão, & Lahue, 

1998). It was found in the same study that yeast meiosis does not contribute to (CTG)48 

expansion. Similarly, longer (CGG) repeat DNA is found to be more unstable (mostly deletion) 

in the lagging strand but has a better chance of expansion in the leading strand both in E. coli and 

yeast (Balakumaran, Freudenreich, & Zakian, 2000; Shimizu, Gellibolian, Oostra, & Wells, 

1996; White, Borts, & Hirst, 1999).  

An early study in transgenic mice showed that insertion of (CTG)55 DNA from a DM1 

patient resulted in intergenerational and somatic instability, mostly small (one to six repeat) 

expansions, in 7% of transgenic descendants (Gourdon et al., 1997). Another contemporary study 

showed the paternal transmission of around 160 (CTG) repeat in human DMPK gene leads to 

small expansion, mostly one or two repeat, while maternal expansion leads to small deletion up 

to seven repeat (Monckton, Coolbaugh, Ashizawa, Siciliano, & Caskey, 1997).  However, a 

follow-up study of intergenerational instability induced by >300 (CTG) repeats demonstrated 

that both paternal and maternal transmission favor intergenerational expansion while paternal 

transmission shows slightly larger changes in size (Seznec et al., 2000). Similar intergenerational 

and somatic instability were observed in transgenic mice containing (CAG) 110~150 repeat from 

HTT gene except female transmission of (CAG) repeat inserts favors contraction while male 

transmission favors expansion (Mangiarini et al., 1997). Surprisingly, (CAG) repeat instability in 
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mutant HTT gene is opposite in male (predominantly expansion) and female (predominantly 

contraction) from identical fathers whereas offspring gender does not influence the (CTG) repeat 

instability in mutant DMPK gene (Kovtun, Therneau, & McMurray, 2000; Savouret et al., 2003). 

Another interesting comparison is that in sperm cells, (CAG) repeat expansion in HD sperm cells 

occur at postmeiotic stage while (CTG) repeat expansion is produced at the beginning of 

spermatogenesis and finishes before meiosis. Generally, repeat length and age correlate 

positively with TNR instability in both somatic and intergenerational instability (Mangiarini et 

al., 1997; Seznec et al., 2000; van den Broek et al., 2002; Wheeler et al., 1999). 

So far TNR DNA is known to be associated with over 30 human diseases. The broadly 

accepted view is that repeat number in most TNR diseases is positively correlated with the 

severity of the diseases while negatively correlated with the age of onset. Interestingly, almost 30 

years ago it was reported that (AGG) interruption of (CGG) repeat in FMR1 gene could delay or 

prevent onset of Fragile X syndrome (Eichler et al., 1994). Two recent studies observed a similar 

pattern in Huntingtonôs Disease (HD) wherein uninterrupted CAG repeat length in HTT gene 

instead of polyglutamine length determines the HD onset, given that both (CAG) and interrupt 

sequence (CAA) are translated into glutamine (J.-M. Lee et al., 2019; Wright et al., 2019). 

 

1.2 Unorthodox structure s of TNR DNA 

It is now clear that unusual structures of TNR DNA are essential to enable the repeat 

instability (McMurray, 1999; Sinden et al., 2002). Studies from past years have implicated a list 

of relevant structures: hairpins, G-quadruplex, and triplex (Mitas, 1997). 
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Figure 1.1 TNR unorthodox structures and genomic scenarios. TNR DNA could adopt other 

structures besides canonical Watson-Crick duplex. (GNC) and (CAG) repeat could form 

imperfect hairpins, (GAA) repeat could form triplexes, and (CGG) could form G4 other than 

hairpin. TNR hairpins are discussed in different scenarios. A free end is included in a single 

strand flap. Three-way junction, cruciform, and slipped DNA contain anchored hairpins 

depending on their locations. 

 

1.2.1 TNR hairpins 

A DNA hairpin is a single strand DNA molecule containing self-complementary 

sequences which induces the single strand DNA to fold into a hairpin-like structure. Evidence for 
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DNA hairpins was first discovered through DNA melting (Marky, Blumenfeld, Kozlowski, & 

Breslauer, 1983). The base paired region of the hairpin is denoted as the óstemô whereas the 

region connecting the two complementary pieces is denoted as the hairpin óloopô. It is known 

that single strand DNA hairpins can show open/close dynamics depending on the loop structure 

(Bonnet, Krichevsky, & Libchaber, 1998; Tsukanov, Tomov, Berger, Liber, & Nir, 2013; 

Tsukanov, Tomov, Masoud, et al., 2013). Disease-associated TNR DNA was first demonstrated 

to be capable of forming imperfect hairpins in 1995 followed by a series of DNA melting, NMR, 

electrophoresis and other analyses (Chen et al., 1995; Darlow & Leach, 1998a; Gacy, Goellner, 

Juraniĺ, Macura, & McMurray, 1995; Mitas et al., 1995; Paiva & Sheardy, 2004; John Petruska, 

Arnheim, & Goodman, 1996; Santhana Mariappan, Garcia, & Gupta, 1996). The stems of CAG, 

CTG, and CGG repeat hairpins uniquely consist of C-G base pairs interspersed between A-A, T-

T or G-G mismatches, which thermodynamically frustrate the structural stability compared with 

that of fully complementary hairpins (Pan, Man, Roland, & Sagui, 2017). Observation of meiotic 

segregation patterns in yeast supports that (CNG)10 insert was poorly corrected in vivo by 

forming hairpin structures (Moore, Greenwell, Liu, Arnheim, & Petes, 1999). Due to the 

repetitive nature of TNR hairpins, strand misalignment in triplet units (translation along the axis 

of the DNA duplex by steps of 3 bases) will maintain the stem structure. Such dynamic 

movement is denoted as óstrand slippageô (Levinson & Gutman, 1987b; Streisinger et al., 1966).  

TNR DNA slippage is detrimental to genetic integrity by forming hairpins during DNA 

replication, repair, and transcription that are not correctly processed by the cellular machinery 

(Darlow & Leach, 1995; Ji et al., 1996; Richards & Sutherland, 1994; Sinden & Wells, 1992). It 

is worth mentioning that a handful of early studies showed that changing of loop structure during 

TNR hairpin slippage, also reflected in the parity of repeat number (even vs. odd number of total 
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repeats), will affect the slippage kinetics (Darlow & Leach, 1995; Hartenstine, Goodman, & 

Petruska, 2000; J. Petruska, Hartenstine, & Goodman, 1998). 

 

 

Figure 1.2 Hairpin formation and strand slippage of (CAG) repeat DNA. Some TNR single 

strand DNA can form imperfect hairpin such as (CAG) and (CTG) repeat. Hairpin óstemô is the 

region containing G-C base pairing interspersed by AĿA mismatch where hairpin óloopô is the 

region where ssDNA is bent. TNR DNA can also slip in triplet steps due to its repetitive nature. 

Strand slippage usually results in an extrahelical loop or hairpin depending on the slipped repeat 

length. 

 

TNR hairpins are generally discussed in contexts of a three-way junction (3WJ), a slipped 

DNA (S-DNA), a cruciform, or a flap (shown in Fig. 2). When only one hairpin forms on one 
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side of a double helix, the structure is called a three-way junction (3WJ). For a DNA 3WJ with 

fully complementary bases, the bases next to the junction remain unpaired, creating an open 

cavity in the 3WJ junction center (Sabir et al., 2012). Furthermore, if the branch point of the 

DNA 3WJ is G-C rich, including (CAG)13 repeat 3WJ, at least two interconvertible 

conformations of DNA 3WJ were observed (Lang et al., 2011; Toulmin et al., 2017). CAG/CTG 

repeat 3WJ could adopt three categories of conformations depending on the number of unpaired 

bases in the branchpoint where protein (HMGB1, bacterial MutS, and human MutSŬ and ɓ) 

binding affinity and repair efficiency are affected by the junction conformation (Slean et al., 

2013). For a CAG repeat 3WJ that consists of one CAG repeat branch and two CAG/CTG 

duplex branches, it has been suggested that the CAG repeat branch could form a stem-loop 

hairpin when the repeat number is 10 or higher or could form an open bulge when the repeat 

number is 8 or lower (N. N. Degtyareva, Barber, Reddish, & Petty, 2011; Natalya N Degtyareva, 

Barber, Sengupta, & Petty, 2010; Völker, Klump, & Breslauer, 2007; Volle, Jarem, & Delaney, 

2012). Interestingly, a single strand (CAG)8 could form a stem-loop hairpin (Natalya N 

Degtyareva, Reddish, Sengupta, & Petty, 2009). In a TNR 3WJ, the position of the TNR hairpin 

can shift by triplet units along the duplex without changing the branch composition. However, 

the preference in the positioning of hairpin branch is affected by the flanking non-repeat duplex 

or nucleotide lesion (8-oxodG or abasic site analogue) in the loop (Volker, Plum, Gindikin, & 

Breslauer, 2019; Volle et al., 2012). Recent studies suggest that the CAG repeat branch can 

freely migrate as either a hairpin or an open bulge around the duplex (Hu, Morten, & Magennis, 

2021; Volker, Gindikin, Klump, Plum, & Breslauer, 2012). When hairpins form on both sides of 

a double helix, the structure is called cruciform if two hairpins are opposite to each other and 

slipped DNA (S-DNA) if not. Strand slippage behaviors differ from specific hairpin structures. 
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Although palindromic DNA is able to form a cruciform structure directly from a duplex structure 

by dynamic extrusion in the palindrome center, TNR DNA can only form cruciform when the 

duplex DNA containing TNR sequence is unwound and reannealed because mismatches in the 

hairpin block direct extrusion (Murchie & Lilley, 1987; Panyutin & Hsieh, 1993). TNR S-DNA 

formation could result from the cruciform structure by either the óunwind and reannealô model or 

the óbranch migrationô model. Pearson et al first obtained S-DNA containing CAG/CTG repeat 

in vitro through alkaline denaturation and renaturation (Pearson & Sinden, 1996). Later S-DNA 

structures both in vitro and in vivo were resolved through electron microscopy (Axford et al., 

2013; Pearson et al., 2002). A TNR flap can occur when a piece of single strand TNR DNA is 

nicked and unwinds from the duplex and then reanneals into a hairpin, leaving one free end in 

the hairpin stem. A TNR expansion model based on flap was first proposed in 1997 (Gordenin, 

Kunkel, & Resnick, 1997). DNA flaps enable free single triplet slippage by strand disassociation 

and reassociation from the free end, which resemble the hairpin construct used in our smFRET 

experiments. 

1.2.2 Other structures 

Triplex DNA, also named H-DNA, was proposed as an alternative DNA structure as a 

universal model in contrast to the double helical structure from Watson and Crick. Although the 

proposal turned out to be wrong, the DNA triplex was found to exist when a third strand binds to 

a B-form DNA duplex through a Hoogsteen or reverse Hoogsteen base pair (Felsenfeld, Davies, 

& Rich, 1957; Hoogsteen, 1963). Later it was discovered that (GAA)·(TTC) could form a DNA 

triplex structure. smFRET observation and molecular dynamics simulation of (GAA) triplex 

found both (GAA) and (TTC) repeat DNA binds to duplex DNA in the parallel orientation (I. B. 

Lee, Lee, Lee, & Hong, 2012; Zhang, Fakharzadeh, Pan, Roland, & Sagui, 2020).  
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G-quadruplex (G4) is a non-canonical four-stranded nucleic acid structure formed in 

guanine-rich sequence through Hoogsteen hydrogen bonds. Monovalent ions, especially 

potassium and sodium, stabilize the stacking bases. DNA G-quadruplex was first reported in 

1988 (Sen & Gilbert, 1988). G-quadruplex DNA has been visualized in vivo using binding-

specific antibodies and small molecules (Biffi, Tannahill, McCafferty, & Balasubramanian, 

2013; Murat & Balasubramanian, 2014).  G-quadruplexes are found abundantly in telomeres 

(TTAGGG), promoters and 5ô-UTR of genes. They often can interfere with transcription 

regulation, telomeric integrity and genomic stability. It has been shown that RNA G-quadruplex 

structures are more stable than their DNA counterparts so more focus is placed onto study of 

RNA G-quadruplex at the current time (Bugaut & Balasubramanian, 2012). Pathogenic repeat 

sequences such as (GGGGCC) and (GGCCTG) were reported to form G4 DNA/RNA structure 

(Brļiĺ & Plavec, 2016; Hirayanagi, Ozaki, Tsukagoshi, Furuta, & Ikeda, 2021). Early studies 

reported that (CGG) repeat DNA could form a G-quadruplex in the presence of potassium or 

alternatively form into a hairpin in the absence of potassium (Darlow & Leach, 1998b; Fry & 

Loeb, 1994; Kettani, Kumar, & Patel, 1995; Usdin & Woodford, 1995). The structural 

preference of (CGG) repeat RNA is still a topic of debate, but the general consensus is that 

repeat number and presence of monovalent ions affects the tendency to alternatively form hairpin 

or G-quadruplex structures (Malgowska et al., 2014; Murase, Nagatsugi, & Sasaki, 2022; 

Sobczak et al., 2010; Wang et al., 2019). 

 

1.3 Molecular models of TNR hairpin  formation and incorporation 

The mechanism by which unusual TNR structures give rise to genetic instability during 

DNA replication, repair, and recombination involves a variety of protein-nucleic interactions. 
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The formation and incorporation of TNR loops originate from independent pathways. Transgenic 

mice studies imply at least two distinctive (CAG)/(CTG) repeat expansion modes: one is the 

subtle change of intergenerational contraction in maternal transmission, the other is MMR-

dependent, MutSɓ to be specific, repeat expansion in both germ cells and somatic cells. Here we 

focus on the role of DNA mismatch repair in TNR instability.  

1.3.1 Role of DNA mismatch repair in TNR instability 

Mismatch repair (MMR) machinery is responsible for correcting over 90% of errors 

during DNA replication including slipped repeats (Lynch et al., 2008). Early studies found that 

inhibition of MMR genes increases the mutation frequency of inserted (GT) dinucleotide repeats, 

mostly by a single repeat change, by over 13-fold in E. coli and 40- to 700-fold in yeast 

(Levinson & Gutman, 1987a; Strand, Earley, Crouse, & Petes, 1995; Strand, Prolla, Liskay, & 

Petes, 1993). Inhibition of msh2 gene in yeast increased the frameshift mutation rate of 9 to 14 

poly-A mononucleotide repeat by 1700-fold to 51000-fold (Tran, Keen, Kricker, Resnick, & 

Gordenin, 1997). Unsurprisingly, connection between MMR and TNR related instability has 

been established from in vitro biochemical characterization to in vivo genetic assessment of 

model systems including E. coli, yeast, transgenic mice, and cell culture (Iyer, Pluciennik, 

Napierala, & Wells, 2015; Richard, 2021). 

 (CTG) repeat-containing plasmids in MMR-efficient E. coli suffer deletion more 

frequently and with larger sizes than other species studies (Jaworski et al., 1995). Despite 

observation of large-scale MMR-independent (CTG) and (CGG) repeat instability in yeast (Juan 

Jose Miret, Pessoa-Brandao, & Lahue, 1997; Juan José Miret et al., 1998; White et al., 1999), it 

was reported that mutation of pms1 and msh2 genes introduces small-scale contraction and 

addition, mostly one repeat change, from (CTG) repeat tract in yeast (Schweitzer & Livingston, 
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1997). These observations imply that MMR is more efficient in recognizing TNR instability of 

one or a few repeats whereas changes of over five repeats are likely to escape repair. 

Cell culture study shows that mutation of hMLH1 and hMSH2 genes do not elevate the 

instability of (CTG) and (CGG) to the pathogenic levels in HTC116 and LoVo cell lines 

(Kramer, Pearson, & Sinden, 1996). In HeLa cells, MutSŬ is six-fold excess over the MutSɓ and 

most of the MSH2 present is found in the MutSŬ heterodimer (Drummond, 1999). 

In a transgenic mouse study of inserted (CAG) repeat, ~110 in repeat long, from HTT 

gene, mutation of msh2 gene significantly reduces the (CAG) tract expansion but show no 

detectable effect on contraction in all tissues including somatic cells and sperm cells (Kovtun & 

McMurray, 2001; Manley, Shirley, Flaherty, & Messer, 1999). Another study used Hdh gene 

knock-in mice by targeted insertion of (CAG) 109 repeat from human HD gene into the mice 

homolog gene, Hdh and showed that msh2 deficiency lowers the expansion rate but increases the 

contraction rate in paternal transmission (Wheeler et al., 2003). Although mutation of msh2 gene 

does not change the somatic and intergenerational instability rate of (CTG) repeat, ~340 repeat 

long, in the DMPK gene, a significant reduction of expansion events in both somatic cells and 

sperm cells was observed (Savouret et al., 2003; Savouret et al., 2004). The ATPase domain of 

Msh2 is required for (CTG) repeat expansion in DMPK gene, indicating both hairpin binding and 

hydrolysis activity of Msh2 are involved in the expansion process (Tome et al., 2009). An 

inspiring transgenic mice study of (CTG)97 instability in DMPK gene repeats showed for the first 

in time that Msh3 deficiency results in the absence of repeat somatic instability, both contraction 

and expansion, while Msh6 deficiency results in more expansion events, particularly in liver and 

stomach (van den Broek et al., 2002). In contrast, another study showed large somatic expansion 

of over 300 (CTG) repeat in the DMPK gene was preserved in the absence of Msh6 (Foiry et al., 
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2006). From the same study the intergeneration expansion of over 300 (CTG) repeats in the 

DMPK gene was shifted towards contraction in both maternal and paternal transmission of 

Msh3-/- mice but only maternal transmission of Msh6-/- mice. Studies of gene knock-in mice by 

inserting (CAG)109 from human HD gene into the murine homolog gene, Hdh, showed that both 

Msh2 and Msh3 are involved in striatal expansion whereas only paternal transmission is 

impacted by MMR, where MutSŬ protects against contraction and Msh2 plays a major role in 

expansion (Dragileva et al., 2009; Wheeler et al., 2003). So far, the consensus is that MutSɓ 

(Msh2/Msh3) is involved in intergenerational and somatic expansion of TNR repeat whereas the 

role of MutSŬ (Msh2/Msh6) is still in debate. 

In vitro studies have demonstrated high human MSH2 binding affinity to (CAG)·(CTG) 

repeat secondary structures (Pearson, Ewel, Acharya, Fishel, & Sinden, 1997). A recent study 

showed that human endonuclease MutLɔ nicks the covalently closed DNA contain 3-nt loop or 

(CTG)3/(CAG)1 hetroduplexes promoted by the presence of MutS, suggesting the role of both 

MutLɔ and MutSɓ in TNR expansion (Kadyrova, Gujar, Burdett, Modrich, & Kadyrov, 2020). 

1.3.2 Other related machineries in TNR instability 

Locations inclined to form gaps or breaks in condensed human chromosomes, especially 

when tissue culture cells are exposed to reagents that slow replication or bind DNA, are named 

fragile sites. There are multiple pathways for repair of Double Strand Breaks (DSB) such as 

Single Strand Annealing (SSA), which is error-prone, and homologous recombination (HR). 

Typical proteins in yeast that are involved in DSB repair are Rad52, Rad51, Rad50, Rad27 

(mammalian homolog is FEN1, flap endonuclease), and Rad1. Landmark studies showed that 

mutation of the rad27gene in yeast (also called rth1), which is involved in processing 5ǋ ends of 

Okazaki fragment, induces the length-dependent large (CTG) repeat expansion in leading strand 
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(Freudenreich, Kantrow, & Zakian, 1998; Schweitzer & Livingston, 1998). The expansion effect 

was not observed in mlh1, rev3 (repair polymerase), rad1, rad 50, rad51 or rad52 mutants. 

Mutation of rad27 gene also increases frequency of (CGG) repeat expansion in yeast whereas 

exo1, and din7 genes do not contribute to (CGG) repeat instability (White et al., 1999). 

Recombination in (CGG)160 is 100-fold to 200-fold more frequent in that of wild type and 

involves rad1, rad 50, and rad52 genes (Balakumaran et al., 2000). 

 

1.4 Overview of single-molecule Förster Resonance Energy Transfer (smFRET)  

1.4.1 Förster Resonance Energy Transfer (FRET) 

Förster resonance energy transfer (FRET) is a powerful tool for measuring distances  

between 20 Å and 80 Å, which is in the range of conformational distributions and thermally 

driven movements of macromolecules (Stryer & Haugland, 1967). FRET measurements typically 

require two fluorescent molecules (donor and acceptor) where the emission spectrum of donor 

molecule overlaps with the excitation spectrum of the acceptor molecule. Energy transfer occurs 

through a near-field, dipole-dipole interaction between the donor and acceptor. The rate of 

energy transfer for a donor and acceptor separated by a distance r is given by (Lakowicz, 2006):  

Ὧ ὶ
ὗ‖

†ὶ
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where ὗ  is the quantum yield of donor in the absence of acceptor, n is the refractive index of 

the medium, N is Avogadroôs number, † is the characteristic lifetime of the donor per se and r 

is the distance between the donor and acceptor. Ὂ ʇ is the corrected fluorescence intensity of 

the donor in the wavelength range ʇ to ʇ ɝʇ after normalization of total fluorescence intensity. 

 ‐ ʇ is the extinction coefficient of the acceptor at ʇ. The term ‖ describes the relative 
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orientation of the transition dipoles between the donor and acceptor. When one of the donor 

dipoles or donor acceptor are free to rotate rapidly in space, ‖ equal to 2/3 by averaging of the 

random orientation. 

The efficiency of energy transfer (E) is defined as the fraction of photons absorbed by the 

donor which are transferred to the acceptor. This fraction is given by  

Ὁὶ
Ὧ ὶ

† Ὧ ὶ
                                            ρȢς 

which is the ratio of the transfer rate to the total decay rate of the donor in the presence of 

acceptor. The Förster radius Ὑ is defined as the distance where transfer efficiency E equals 

50%. Combining (1.1) and (1.2) we have 

Ὁὶ
ρ

ρ
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For most dyes use in single molecule FRET work, the Förster radius is typically in the range of 

40 to 60 Å. The distance dependence of FRET allows measurement of the distances between the 

donors and acceptors (Figure 2.1). 

 Because an individual excitation/relaxation cycle of a fluorophore only takes a few 

nanoseconds, the energy transfer from donor to acceptor is on that timescale, or faster. Under 

continuous laser illumination with sufficient intensity, the frequency of excitation events and 

subseqnent FRET is high enough to estimate the rate-derived energy transfer efficiency based on 

detected photon number of donor and acceptor emissions. Therefore, we can calculate the 

transfer efficiency experimentally based on intensities of donor emission and acceptor emission 

Ὁ
Ὅ

Ὅ Ὅ
                                                     ρȢτ 
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However, to obtain true transfer efficiency, one must take other experimental factors into 

account such as the leakage of donor emission into the acceptor channel, the detection efficiency 

in donor and acceptor channels and the quantum yield of the fluorescent dyes (McCann, Choi, 

Zheng, Weninger, & Bowen, 2010). Once we acquire true transfer efficiency, we could calculate 

the distance between donor and acceptor based on the Ὑ value. The Ὑ value depends on the 

choice of FRET pairs. For example, the Ὑ for Cy3 and Cy5 pair as well as Alexa 555 and Alexa 

647 pair are both around 5 nm. In this project we use Cy3 and Atto647N as our FRET pair, for 

which the Förster radius is 5.1 nm (Le Reste, Hohlbein, Gryte, & Kapanidis, 2012). On the other 

hand, if we use the same donor and acceptor dye pair as well as the same optical setup, we can 

compare Ὁᴂ from different FRET experiments to understand the qualitative relative distance 

differences without knowing the actual distance values. 
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Figure 1.3 Förster resonance energy transfer (FRET). Left panel shows the distance-dependent 

donor/acceptor emission intensity at nanometer scale separations between the fluorophores. 

Brighter donor signal (blue) indicates long distances while brighter acceptor signal (red) 

indicates short distances. Right panel illustrates that the FRET efficiency can be calculated from 

donor and acceptor intensity, which follows the distance function and curve as displayed. 

 

1.4.2 Single-molecule fluorescence microscopy 

Early studies detected DNA hairpin dynamics including opening and closing through the 

use of bulk fluorescence fluctuations from fluorescence energy transfer or fluorescence 

correlation spectroscopy (Bonnet et al., 1998). Some of the drawbacks of ensemble 

measurements include lack of sensitivity to heterogeneous behaviors or rare events after 

averaging signals of numerous molecules. The single molecule approach that allows resolving 
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conformational changes of individual molecules or interactions between two molecules has 

proven to be of great value in molecular biology studies (Ha, 2001).  

There are several requirements to achieve single-molecule resolution in fluorescence 

microscopy. First, in wide-field imaging of immobilized molecules, each emission signal from 

individual molecules must be sufficiently spatially separated from one another to avoid detecting 

multiple overlapping signals. We diluted our biotinylated DNA sample to ~10 picomolar 

concentration and allow them to freely diffuse in a constructed channel. A fraction of the 

molecules becomes immobilized on the glass or quartz surface through biotin-streptavidin 

interaction. A useful surface density of immobilized molecules can be established after five 

minutes by adjusting the sample concentration. It is a best practice to ensure that the DNA 

molecules are at least 20ɛm away from each other. We used a 60x water lens (N. A. = 1.20) so 

the diffraction limit for Cy5 emission (670nm peak), which is around 280 nm, does not bring 

concerns to our experiments because with this separation, we integrate all the emitted light from 

these diffraction limited spots. 

Second, fluorescence intensity from individual molecules must be high enough to be 

extracted from the background and noise by EMCCD or CMOS cameras. Total Internal 

Reflection Fluorescent Microscopy (TIRFM) was first introduced into cellular imaging by 

Edmund Jack Ambrose in 1961 and promoted by Daniel Axelrod in 1980s (Ambrose, 1961; 

Stout & Axelrod, 1989). The evanescent field limits the z-directional penetration depth to around 

200 nm, thus enhances the signal-to-noise ratio by reducing fluorescence from contaminants or 

molecules in solution further away from the boundary than this distance. There are two 

approaches to implement TIRFM, one is prism-based, the other is objective-based. We used a 

self-built prism-based microscope for in vitro single molecule imaging.  
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Figure 1.4 Total Internal Reflection Fluorescent Microscopy (TIRFM). Left panel shows the 

setup of prism based TIRF microscope. Output signal is split into donor and acceptor emission 

using a dichroic filter. The donor and acceptor signals are captured in separate cameras or one 

camera through a dual-view system. The imaging sample are injected into sealed chamber on the 

quartz slide and then immobilized through biotin & Streptavidin interaction (right panel). 
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CHAPTER 2. Dynamics of strand slippage in DNA hairpins formed by CAG repeats: roles 

of sequence parity and trinucleotide interrupts  

 

2.1 Summary 

We studied (CAG) TNR hairpin slippage as a function of the repeat number as well as 

(CAA) interrupt insertion. The article was published at Nucleic Acids Research in 2020. Oxford 

University Press was the publisher and preserves the copyright. In this study, Pengning Xu and 

Keith Weninger designed the experiment and carried out the data analysis. Feng Pan, Cristopher 

Roland, and Celeste Sagui performed the all-atom Molecular Dynamics (MD) computation. All 

authors contributed to interpretation and manuscript preparation. The paper is attached in section 

2.2 and supplemental information in section 2.3. Here, I will briefly summarize the results in this 

paper. 

Trinucleotide repeats are associated with over 30 human diseases wherein (CAG) repeats 

in HD gene induce onset of Huntingtonôs disease when the repeat number is over 36. (CAG) 

repeats show genetic instability which is positively correlated with repeat length. It is well 

acknowledged that (CAG) repeat DNA forms imperfect hairpins through strand slippage that 

interfere with genetic instability. Here we use single-molecule FRET to observe the dynamic 

slippage of (CAG) repeat hairpins. The constructed DNA hairpin contains a free 5ô end. The 3ô 

end of the hairpin is connected to a 32bp duplex for surface immobilization. We could resolve 

the strand slippage from the FRET signal change where the acceptor is labeled at the 5ô end. We 

focused on two (CAG) hairpins whose repeat number are 14 and 15. The buffer condition in our 

measurement is 20 mM Tris, 10 mM NaCl, pH8. 

First, we confirm the single strand slippage behavior judging from the dynamicity of 

smFRET trajectories. We calibrated the step size using hairpin variants where three nucleotides 
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were inserted between the FRET pair. The (CAG) repeat hairpins slip by a multiple of (CAG) 

triplets where 3-nucleotide and 6-nucleotide steps occur the most.  

Second, we reported the parity-dependent slippage pattern in (CAG) repeats hairpins. 

(CAG)14 mostly forms a fully base-paired duplex and occasionally has the stem slipped by two 

triplets, yielding a short ssDNA segment at an end. In contrast, (CAG)15 slips forward or 

backward by one trinucleotide. This discrepancy in even/odd repeat number slippage is attributed 

to the loop structures of hairpins. Simulation of (CAG) repeat hairpin loops using Molecular 

Dynamics (MD) reveals 5ǋ-AGCA-3ǋ tetraloop is more stable than the 5ǋ-CAG-3ǋ triloop, which 

in turn influences the strand alignment of the stem through slippage. We also found that the 

relative population of each slipped conformer in even/odd repeat are repeat length independent, 

which suggest than structural variance of the hairpin loop is the main factor in determining the 

fraction of equilibrium states. Although the populational distribution is independent of repeat 

length, the average lifetime of consecutive state becomes longer as repeat number grows. This 

could be explained by higher energy barrier for slippage due to more base pairing in the hairpin 

stem. When we tested the hairpin in the presence of 10mM MgCl2, the FRET states became 

indistinguishable because divalent ions compact the DNA backbone more the monovalent ions. 

Recently we confirmed the existence of (CAG) hairpin slippage in the presence of Mg by 

switching the donor labeling site. Ionic strength also influences the population of slip 

conformers. 

Lastly, we investigate the effects of (CAA), (CAC), (CAT), and (AAA) interrupts on 

hairpin slippage. (CAA) interruption has disease implications as recent studies show that it is 

(CAG) repeat length instead of polyglutamine length that determines the Huntingtonôs Disease 
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onset. smFRET data suggests that all the interrupts modify the original (CAG)15 slippage pattern 

by adopting their favorable positions in the hairpin loop. 

 

2.2 Dynamics of strand slippage in DNA hairpins formed by CAG repeats: roles of 

sequence parity and trinucleotide interrupts  

Available online at https://academic.oup.com/nar/article/48/5/2232/5715067 or in Appendix. 

 

2.3 Supplementary Content 

Available online at https://academic.oup.com/nar/article/48/5/2232/5715067#supplementary-

data or in Appendix. 
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CHAPTER 3. Frustration between preferred states of complementary trinucleotide repeat 

DNA hairpins correlates with expansion disease propensity 

 

3.1 Summary 

In this study we systematically compared slippage dynamics of (CAG), (CTG), (GAC), 

(GTC) repeat hairpins and discussed about the interruption interference in (CAG)·(CTG) repeat 

cruciform. The manuscript will be submitted for publication in 2022. In this study, Pengning Xu 

and Keith Weninger designed the experiment and carried out the data analysis. Jiahui Zhang, 

Feng Pan, Cristopher Roland, and Celeste Sagui performed the all-atom Molecular Dynamics 

(MD) computation. All authors contributed to interpretation and manuscript preparation. The 

manuscript is attached in section 3.2 and supplemental information in manuscript. Here, I will 

briefly summarize the results in this paper. 

TNR DNA is genetically unstable in both eukaryotes and prokaryotes, which require 

different repair machinery to maintain the replication fidelity. Beside the universal B-form structure, 

TNR DNA adopts other unorthodox structures such as imperfect hairpins, triplex, or G-quadruplex 

depending on the repeat sequence. (CAG), (CTG), (GTC), and (GAC) repeat share a similar hairpin 

structure where (CG·CG) Waston-Crick base pairs are interspersed by T-T or A-A mismatches. The 

connection between TNR hairpins and genetic instability has been widely studied. We use single-

molecule FRET and novel data analysis approach based on Chung-Kennedy (CK) filter and edge 

detection to systematically unravel the slipping dynamics of (CAG), (CTG), (GAC), and (GTC) 

hairpins separated by even/odd repeat length. The hairpin design follows the previous (CAG) repeat 

study in chapter 2. 

The most general observation is that the smFRET time trajectories display dynamic 

transitions in all hairpin measurements, which are consistent with strand slippage of either single 
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or multiple triple steps. The loop structure of the hairpins decisively influences the slipping 

patterns. Interestingly, (CAG), (CTG), (GTC) repeat hairpins prefer tetraloop configurations 

while (GAC) repeat hairpins favor triloop configurations. Population-wise, (GWC) hairpins, 

where the W in (GWC) (or later in (CWG)) stands for either (GAC) or (GTC) repeats, are more 

tolerant of the less favored loop configuration than (CWG) hairpins as assessed by their more 

evenly populated occupancies of both loop configurations. 

Unlike (CAG) or (GAC) repeat hairpins, two of the slip conformations in (CTG) and 

(GTC) repeat hairpins have very close FRET efficiencies when using our acceptor attached to the 

5ǋ end of the hairpin DNA, making it very difficult to quantitate the population of either 

conformation. We attribute this phenomenon to the structural complexity at the free 5ǋ end of 

hairpins. It is possible for (CTG) or (GTC) hairpins to form a small 5ǋ-TGCT-3ǋ bulge in the 5ǋ 

end. To separate these two populations in our measurements, we moved the acceptor labeling site 

to the fifth nucleotide upstream of the 5ǋ end by including an amino-dT base. This location 

makes the donor-acceptor distance variation insensitive to the small bulge at the end of the 

strand. Using this internal hairpin label site, we successfully distinguished the two populations. It 

is important to mention that the internal labeling slightly changes the distribution of populations 

presumably due to the impacts on free energy due to the modification disturbing the internal 

strand. 

We used CK filter and edge detection to quantitate state transitions and deduce the kinetic 

information including transition frequency, transition rates, and conformer population. Please 

refer to section 4.3.2 for analysis details. Smoothing of 10ms frame rate traces enabled us to 

better find the center of each peak in the FRET efficiency histograms, which leads to one 

correction to previous (CAG) repeat study. The low FRET state of (CAG)15 is actually +2 slip 
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instead of +3 step. I also proposed an alternative approach to achieve similar smoothing effects 

of FRET efficiency histograms, which is called óhybrid FRET histogramsô in the following text. 

Our kinetic characterizations allow us to conclude that (CWG) hairpins take double triplet steps 

more often than single triplet steps.  

Finally, we also examined the (TTG) interrupt effect in (CTG) repeat hairpins and find 

that (TTG) interrupt tends to slip towards the loop region of hairpin. Combined with the (CAA) 

interrupt effect in (CAG) repeat strand, we propose that when two interrupt-containing hairpins 

form from (CAA)·(TTG) interrupted (CAG)·(CTG) repeat duplex, a stabilized structure could 

form as a cruciform with two arms opposite to each other with the interrupts positioned in the 

most stable loop position, which could initiate repair processes that specifically targets cruciform 

structures. 
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3.2 Frustration between preferred states of complementary trinucleotide repeat DNA 

hairpins correlates with expansion disease propensity 
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Abstract 

Trinucleotide repeat (TNR) DNA sequences are present throughout the human genome. In some cases, 

they are unstable and can lengthen, resulting in neurodegenerative diseases including Huntingtonôs 

disease, fragile X syndrome and myotonic dystrophy. The mechanisms causing these expansions remain 

unknown, although the tendency of TNR ssDNA to self-associate into hairpins that can slip along their 

length is widely presumed to be related. Here we apply single molecule FRET (smFRET) experiments 

and molecular dynamics simulations to determine conformational stabilities and slipping dynamics for 

CAG, CTG, GAC and GTC hairpins. By developing novel analysis approaches for states with closely 

spaced FRET efficiencies along with improved transition detection algorithms, we determined the kinetic 

slipping schemes for these hairpins. These improved methods suggest a compact configuration of 

overhanging ssDNA in CTG and GTC, but not in CAG and GAC. We find CAG and CTG prefer 

tetraloop configurations, whereas GAC and GTC populate both triloop and tetraloop conformations. We 

also determined that TTG interrupts near the loop in the CTG hairpin stabilize the hairpin against slipping 

(as do CAA substitutions in CAG hairpins). The different stabilities for the loop regions have 

implications for intermediate structures that could form when TNR-containing duplex DNA opens. If 

opposing hairpins form, the hairpins in the CAGĀCTG duplex would have matched stability whereas in 

the hairpins from a GACĀGTC duplex would have unmatched stability. This unmatched stability would 

introduce mechanical stress or frustration in the GACĀGTC non-canonical hairpin structures that would be 

absent in the structures resulting from CAGĀCTG. Given the biological observation that the CAG and 

CTG TNR can undergo large, disease-related expansion whereas the GAC and GTC sequences do not 

show problematic large expansions, the mechanical stability differences we have identified can inform 

and constrain models of the expansion mechanisms of TNR regions. 
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Introduction  

Many genes contain simple motifs of 2-12 DNA bases that repeat tens to hundreds of times (simple 

sequence repeats, or SSRs). About 50 neurodegenerative diseases are associated with pathological 

expansion of these repeat tracks. Trinucleotide repeat (TNR) motifs are among the most common of these 

repeated motifs. The connections between such expansions and disease phenotype are clearly established, 

and the illnesses are believed to result directly from RNA and/or protein products of the genes (although 

more general stress responses are sometimes implicated). However, the fundamental mechanisms 

controlling the problematic expansion of the repeat within the genome remain unknown; not even the fact 

of why some sequences are more prone to expansion than others is completely understood. 

Common models of SSR expansion-causing phenomena focus on the non-canonical configurations that 

can form in these repetitive DNA sequences during replication, transcription, or repair. The transient 

unwinding of duplexes of these repeated tracks can allow the separated TNR-containing strands to form 

many structures including hairpins, cruciform and G-quadruplexes (1ï9). For those sequences that form 

hairpins, the propensity of the hairpins to slip along the TNR sequence is commonly thought to be 

important for expansion mechanisms (7, 10ï14). The repetitive nature of the sequences naturally 

promotes slipping TNR hairpins in integer multiples of the three-nucleotide unit. The existence of TNR 

hairpin slipping has been deduced by indirect observation by several methods (single-strand nuclease 

susceptibility, polymerase-based extension, and chemical probing of exposed bases) (3, 13ï16). In 

addition, protruding hairpins have been observed to migrate along a DNA duplex (14, 17, 18). Despite 

extensive studies of TNR hairpin slipping phenomena, the connection of these dynamic behaviors to 

expansion mechanisms in a cell context remains elusive.  

 

In previous work (8, 19), we developed single molecule FRET (smFRET) assays and a molecular 

dynamics framework to measure stabilities of various slipped-strand hairpins formed from CAG repeats, 

which are involved in Huntingtonôs disease. To address how dynamic transitions among slipped hairpins 

could inform potential TNR expansion mechanisms, we extended our previous CAG TNR hairpin assays 

to characterize CTG, GAC and GTC hairpins. TNR diseases are described by the repeat in the coding 

strand. The CAG TNRs in the 5ô-UTR of the gene PPP2R2B cause spinocerebellar ataxia type 12 

(SCA12), while CAG repeats in the exon part of various genes cause other nine late-onset, progressive 

neurodegenerative disorders, including Huntingtonôs disease (HD), dentatorubral-pallidoluysian atrophy 

(DRPLA), spinal and bulbar muscular atrophy (SBMA) and several spinocerebellar ataxia (SCAs), 

whereas CTG TNRs are associated with myotonic dystrophy and spinocerebellar ataxia type 8 (SCA8) 

(20ï23). The GAC and GTC sequences are interesting as they are much less problematic from a disease 

standpoint. A change in the normal (GAC)5 sequence in the by -1 or +1 or +2 TNR units are associated 

with skeletal dysplasia (24, 25) but GAC and GTC do not appear to undergo the problematic large-scale 

expansions like CAG and CTG. The GAC and GTC hairpins are also of interest from a biophysical 

perspective because in the stem they maintain the same hydrogen bonds as the CAG and CTG hairpins 

but involve different base stacking interactions (13) whereas, as found in this work, the loops involve 

both different hydrogen bonds and stacking interactions. 

 

In the current work, we combine Chung-Kennedy (CK) filtering of smFRET traces, kinetic analyses, and 

experimental variants using different relative dye positions to resolve closely spaced and overlapping 

FRET states. This precision in state assignment allowed us to determine kinetic schemes for hairpins of 

both 14 and 15 repeat units for all of CAG, CTG, GAC and GTC TNR sequences. Molecular dynamics 

simulations of these sequences reveal the loop structures, and both explain the molecular details yielding 

the stabilities and corroborate the observed behaviors. We find that CAG, CTG and GTC all prefer 

tetraloop configurations (although GTC is more tolerant of triloop than the other two), whereas GAC 
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prefers the triloop configuration. If duplex (CAG)Ā(CTG) were to open and form opposing hairpins, both 

the opposing CAG and CTG hairpins would naturally prefer tetraloop configurations. In contrast, if 

duplex (GAC)Ā(GTC) opened into opposing hairpins, the different loop tendencies would create a 

frustration between arms of such a cruciform structure. This difference in stability and dynamics across 

the cruciform structure would influence its lifetime and tendency to migrate. We suggest that these 

biophysical differences between the arms of a cruciform that could form from duplex DNA containing 

CAG TNR compared to GAC TNR may play a role in the differential expansion potential observed for 

these two TNR sequences. These stresses due to differences in TNR hairpin dynamics thus may impact 

the disease-causing potential of their presence in genes. 

Results 

We previously developed a single molecule FRET assay and atomistic molecular dynamics simulations 

that characterized hairpin slipping dynamics for CAG repeated DNA(19). Here we apply those methods 

to studies of hairpins formed from repeated CTG, GAC and GTC trinucleotide units.  

smFRET to characterize CAG, CTG, GAC and GTC hairpin strand-slipped states and transition 

kinetics 

Briefly, our experimental assay uses ssDNA oligos with a 5ô attached acceptor dye (Atto647N), the 

repeated trinucleotide sequence (5ô to 3ô) at the 5ô end, a thymine-rich spacer (TTTTC), and a 32-

nucleotide sequence on the C-terminal. This oligo is hybridized to an anchor strand that has a 5ô-biotin 

followed by a 5-T spacer and then a sequence complementary to the 32-nucleotide region on the other 

strand. The anchor strand also contains a donor fluorophore (Cy3) attached at an internal dT. The triplet 

repeat region will fold within itself into a hairpin with a pattern of G and C bases forming bonds 

interspersed with single base mismatches (Figure 1A). For simplicity, we will use CWG and GWC to 

represent the sequence directions for either T or A in the middle position of the triplet unit. Previous work 

identified parity-dependent properties of TNR hairpins, which we pursue by comparing studies of hairpins 

containing 14 and 15 triplet units. When these form hairpins with matched ends, the 14 repeat hairpins 

leave a tetraloop with 4 bases in the turn whereas the 15 repeat hairpins have triloop with 3 bases in the 

turn. If the hairpin slips one trinucleotide unit either way, then the bonding pattern is maintained except 

for one trinucleotide unit that is unpaired at either end. Trinucleotide repeat hairpins have been observed 

in many previous studies to dynamically slip along the hairpin in steps of multiples of the trinucleotide 

unit (3, 13ï15, 17, 19, 26). We denote the configuration with fully base paired triplets (matched ends) as 

ó0 slipô (Figure 1A) (tetraloop in the 14-repeat hairpin; triloop structure in the 15-repeat hairpin). We use 

the ó+ô sign to indicate a hairpin that has slipped in the direction such that the acceptor on the hairpin end 

moves away from the donor and ó-ô sign for the opposite. In the ó+nô slip configuration, n represents the 

number of triplets the hairpin has migrated compared to the ó+0ô slip configuration. 

smFRET signals of (CAG)14, (CAG)15, (CTG)14, (CTG)15, (GAC)14, (GAC)15, (GTC)14, and 

(GTC)15 hairpins all reveal dynamic transitions between different states (Figure 2) measured with 15 

msec frame rates. Our studies used buffer containing 20 mM TrisïHCl pH 8.0, 10 mM NaCl, with our 

previous work suggesting smooth changes in kinetic rates with ionic strength (19).  A first step in analysis 

of such dynamic FRET signals is to assemble histograms of FRET efficiency values. For example, 

smFRET time traces (Figure 2, 3D) of (GTC)15 can be aggregated into a FRET histogram showing 

multiple peaks (Figure 3C, Supplemental Figures S2, S3). Gaussian function fitting is then used to 

characterize the multiple peaks found in the complex FRET histograms (Supplemental Figures S2, S3). 

The location of peaks identified from fitting these histograms are summarized for all the hairpins we 

tested in Supplemental Tables S1, S2 and Figure 3B. Note the error bars in the summary in Figure 3B 

denote the standard deviation of the locations of the center of fitted peaks over 3 repeated experiments 
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and not the width of the Gaussian shaped peak. Consistent with our previous study of CAG hairpins(19), 

these peak locations were highly repeatable as indicated by those error bars. The location of the peaks 

with the largest FRET efficiencies for the (CAG)14 and (CAG)15 hairpins were interleaved, as we 

previously determined (19) to represent the parity-dependent configurations of strand-slipping that were 

organized to strongly prefer tetraloops. Our improved time resolution and application of smoothing 

algorithms (Supplemental note 1 and 2, Figure S4) allowed us to better resolve the FRET signals from the 

larger slips in (CAG)15 compared to our previous studies (19). We now confirm (CAG)15 visits states 

with slip -1 slip, +1, and +2 (rather than our previously reported -1, +1, and +3) where the +2 slip in 

(CAG)15 suggests the triloop configuration and further confirms that balancing stem and loop energies 

dominates overall configuration (Supplemental Figure S4). 

In contrast, the CTG, GAC and GTC hairpin histograms acquired at 15 msec frame times had peaks for 

14 (even) and 15 (odd) repeat values that were not well differentiated as plotted in figure 3b. We 

suspected that some of these hairpins may have distinct slipped states that did not generate distinguishable 

FRET efficiencies. To resolve the states represented by these suspected overlapping FRET efficiencies, 

we addressed several effects impacting these measurements by using variants of the hairpin sequences 

where additional bases were inserted in the poly-T linker region (ó3T variantsô), the linker region was 

changed to A, several bases were changed to provide full base paring in the stem (stem-complement, or 

óSC variantô), 3-slip variants to force the -2 slip, and the acceptor dye was moved 5 bases deep into the 

stem (ófifth_dTô variant) (Supplemental Figure S1). The interpretation of these studies is discussed in 

detail in a supplementary note 3. All these experiments with control hairpins taken together allowed us to 

determine that the CTG, GAC and GTC hairpins exist in more distinct states than suggested by the FRET 

efficiencies determined in our first experiments reported in Figure 3B. A first example of these 

complications is illustrated by the (CTG) and (GTC) SC variants (SC in Figure 3B, diamonds), which 

have lower FRET compared to the (CAG) and (GAC) SC hairpins although the SC variant was designed 

to force the same -1 slipped state with the same 3 base overhanging ssDNA containing the acceptor in all 

the hairpins. The lower FRET for (CTG) and (GTC) SC variants suggests that the T-containing TNR 

ssDNA overhang is more compacted. Such compaction is also consistent with a previous study (16) using 

single-strand endonuclease susceptibility to identify folded óbulge-likeô configurations near the termini of 

CTG and GTC TNR hairpins (Supplemental note 4, Figure S12). The differences in the SC variant FRET 

values of the different sequence hairpins makes interpretation of the highest FRET states challenging. As 

an example of how we sorted these states apart, we focus on (GTC)15 in Figure 3B-D. Figure 3A contrast 

the usual 5ô acceptor location (left) with a variant where the acceptor is linked to the thymine that is 5 

bases in from the 5ô end (right, indicated ófifth_dTô). The histograms in Figure 3C with the 5ô acceptor-

label site has only 2 major peaks.  Moving the acceptor to the internal fifth base yields histograms with 3 

major peaks, thus allowing the -1 and 0 slipped states to be distinguished. The fact that the T3 variant did 

not separate these states (Figure 3B) also indicates that the configuration of the overhanging ssDNA 

region in the -1 slip configuration is substantially different for the GTC compared to the CAG sequence. 

We emphasize the contrast with the CAG hairpins, which had well separated FRET efficiencies for the 

distinct slipped states (19). Using a series of these sorts of experiments with variants of the basic hairpins, 

we mapped out the slipped states of both the 14 and 15 repeats for the CTG, GAC and GTC hairpins 

(Supplemental note 3, Figure S10). Detailed modeling of expected FRET efficiencies allowed us to 

determine that our observations are consistent with some folding or compaction of the short single strand 

overhang in slipped states of CTG and GTC hairpins (Supplemental note 4, Figure S12). The variation in 

FRET efficiencies of the stem-complement óSC variants (SC in Figure 3B, diamonds) from these hairpins 

is consistent with different configurations of the overhanging DNA. 
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We note that the variant in which the acceptor was moved from the 5ô DNA end to an internal dT-amino 

link (indicated ófifth_dTô) changed the occupancy of some states visited. For example, for (CTG)15 

moving the acceptor reverses the ratio occupancy of the high and low FRET states (compare 

Supplemental Figures S8C to S8D). In (CTG)14 the actual state visited on was changed for the larger 

positive slips. CTG)14 end labeled visited +2 2% of the time and did not populate a _1 slipped state 

whereas the fifth_dT variant occupied +1 slipped state 4% of the time and did not visit +2 (Supplemental 

Figures S8A, B), which results in a change in the relative stability between tetraloop and triloop for CTG 

in this higher (+1 or +2) positive direction slipped state. The impact of the attachment of the fluorophore 

on the fifth base in these hairpins is consistent with the delicate balance of energies between the stem and 

the loop. Thus, the greatest utility of the fifth_dT label site is to resolve the negative direction slipped 

state in the hairpins where the ssDNA overhang compacts. 

Once we worked out methods to clearly resolve slipped hairpin states, the time trajectories of the FRET 

efficiencies can be used to determine the kinetic scheme of slipping of the hairpins. The dwell times of 

every visited state as well as the sequence of transitions are directly extracted from the FRET time 

trajectories (Supplemental note 1 and Figure S4). Fitting exponential functions to histograms 

accumulating many of the dwell times of the different slip states allows estimation of the transition rates 

(Figure S4). We used three different automated algorithms to extract transitions between states (Chung-

Kennedy, k-means, Spartan). The broad agreement of the kinetic schemes determined by these 3 

algorithms confirms the robustness of the analysis (Supplemental Table S6) and agrees with a recent 

community-wide blind assessment of kinetic analysis software applied to smFRET data (27).  

The results of all the above experiments to characterize the slipped states and the transition kinetics 

between states for 14 and 15 repeat hairpins of CAG, CTG, GAC and GTC sequences are summarized in 

Figures 4A and 4B. In those figures, the relative populations from the FRET histograms are represented 

by the circle size and is indicated as a percent in text. The assignment of slip number is written on each 

circle and the tetraloop or triloop configurations are indicated as the vertical shaded bars in the figures. 

The transition rates are indicated in text and the thickness of the transition arrows indicate the relative 

frequency observed for transitions. Arrows are omitted for transitions that occur below a frequency of 5 

%. Slipped states whose population is below 2% are omitted. Figure 4A compares only data from the end 

labeled hairpins. For CTG an GTC hairpins with this labeling, the 0 and -1 slipped states are not well 

separated, as discussed above. In these systems, the high FRET population was pooled and plotted 

óbetweenô the tetraloop and triloop positions to reflect this uncertainty. The populations are well separated 

in the fifth_dT construct (Figure 4B), but because this label changed the +1 and +2 slipped state 

behaviors, we do not use it for kinetic rate studies or quantitative population fraction comparisons in this 

region.  

The most striking result from all the data summarized in figure 4 is that the CAG, CTG and GTC TNRs 

prefer tetraloop configurations (although GTC is more tolerant of triloop), whereas GAC is commonly 

found in the triloop configuration. The strong preference for the tetraloop configuration leads to CAG and 

CTG hairpins dominantly experiencing slips of +2 and -2 (jumping tetraloop to tetraloop) whereas the 

GAC and GTC hairpins most preferred transitions are +1 and -1 (switching between triloop and tetraloop, 

or vice versa) (the bold arrows indicate the most frequent transitions).  Previous work using polymerase 

extension reported equilibrium distributions of hairpin slipped states indicating CAG had a strong 

preference for slipping in 2 TNR units but that CTG, GAC and GTC had increasing tolerance of slipping 

by 1 TNR unit (13), in agreement with the preferences we observe here. The consequences of the similar 

preference for tetraloop configurations for CAG, CTG, and GTC sequences in contrast the strong 

preference for the triloop configuration for GAC hairpins could lead to differential stress in cruciform 
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structures that might transiently form in duplex TNR runs of CAGĀCTG dsDNA compared to GACĀGTC 

dsDNA (Figure 4C). We will return to this point in the discussion after our measurements of interrupts in 

these TNR runs are shown.  

MD simulations of CAG, CTG, GAC and GTC TNR hairpins 

MD simulations prove to be a great tool for exploring the atypical DNA conformations at the atomic level 

(8, 19, 28ï34). smFRET experiments cannot unequivocally determine the number of bases that form the 

hairpin loop. Existing evidence (13, 19, 35ï39) indicates that these loops are tight, i.e., formed by few 

bases. We performed extensive (over 80 initial hairpins and 120 ɛs ) atomistic MD simulations of CAG, 

CTG, GAC and GTC repeat hairpins (supplementary methods). The results of the simulations indicate 

that tetraloops are the preferred conformation in CAG, CTG and GTC TRs, while the triloop is most 

stable in GAC repeats. These simulations also revealed details of the basic interactions that stabilize 

various configurations of trinucleotide hairpins. A scheme for the triloops and tetraloops is presented in 

Figure 5. Different configurations (anti or syn) for the ɢ angles of the bases in the tri- and tetraloops were 

explored: in the results presented below we use the notation ñaò for anti and ñsò for syn, such that given a 

loop, 5ô-TGCT-3ô for example, a description ñsaasò means that the ɢ angles of T, G, C, and T are syn, 

anti, anti, and syn respectively. Figure 5 presents the conformations corresponding to the most stable 

loops in each of the four repeats, while Supplemental Figure S18 in the SI present the most stable 

conformations of the alternate loops (in other words, if the most stable form for a given repeat is a 

tetraloop, it will be shown in Figure 5; while the longest-lived triloop for the given repeat is presented in 

the SI). RMSD plots of the loop bases with respect to the equilibrated structure are presented in 

Supplemental Figures S15-S17 in the SI. 

Triloop motifs for d(GXC) sequences were studied via high-resolution nuclear magnetic resonance (35). 

In these experimental sequences, the GXC loop was surrounded by sequences that form very stable 

Watson-Crick base pairs and thus all the triloops were stable. In particular, the tight loops were partially 

stabilized by a sheared Ganti Ā Csyn pairing, as the one that stabilizes the aas GAC triloop shown in Figure 

5. Given the surrounding sequences that locked the triloops in place, there was no room in these 

experimental sequences for an interplay between tri- and tetraloops. That is not the case for TRs that have 

fewer stable sequences flanking the loops due to the presence of the mismatches. Stabilization is the result 

of a careful balance between stacking energies, hydrogen bonds, backbone deformation energies and 

entropy. Below, we provide the rationale behind the stabilization of one conformation with respect to the 

other for the four TNRs. 

(i) CAG repeats (19): In a 5ô-CAG-3ô triloop, the three nucleotides are in anti conformation, the C base 

flips out and the sheared Ganti Ā Canti,out pair is held by a single hydrogen bond. The triloop is closed by a 

weak AG/CA step, with a low melting temperature (13). In contrast, the 5ô-AGCA-3ô tetraloops are 

stabilized relative to triloops by favorable stacking energy within the loop, less bending deformation of 

the backbone, and locking by a GC/GC step, the strongest of all possible steps, with a high melting 

temperature (13). There is also one hydrogen A Ā A bond in the 5ô-AGCA-3ô tetraloop. Entropic effects 

also play a stabilizing role, as there are two preferred conformations, aaaa and aaas in terms of the 

glycosidic angle ɢ. In addition, these conformations consist of dynamically coexisting conformations. The 

aaas conformer has no stacking, or short-lived single A/G or single C/A stackings, while the aaaa 

conformer has long-lived double A/G and C/A stacking. 

(ii) GAC repeats: The 5ô-GAC-3ô triloop aas conformation was unmistakably chosen by all hairpin 

simulations. The tight loop is partially stabilized by a sheared Ganti Ā Csyn base pair (35) with two hydrogen 

bonds and by the G/A stacking of the loop bases. In contrast, the 5ô-ACGA-3ô tetraloop has a harder time 
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to pick a preferred conformation. Evidence suggests this is the aaas conformation, for which there is one 

long-lived hydrogen bond in the pair Aanti Ā Asyn. The aaas has two conformations that coexist: one without 

stacking in the loop bases and one with two-stack state A/C and G/A. 

(iii) CTG repeats: Similar to the 5ô-CAG-3ô triloop, there is a sheared G Ā C pair held by a single 

hydrogen bond. The RMSD for the triloop eventually showed large fluctuations, and subsequent 

unraveling of the structure, similarly to the CAG triloop. The 5ô-TGCT-3ô tetraloop, on the other hand, is 

stabilized in the aaaa and asaa conformations with different stacking. Importantly, two hydrogen bonds 

contribute to the Tanti Ā Tanti pair in the 5ô-TGCT-3ô tetraloop, and they are the same in both conformations. 

As in CAG repeats, the entire tetraloop is flanked by a GpC step, which makes the tetraloop the most 

stable conformation for CTG repeats. The tetraloop motif in CTG repeats has been found to be more 

stable than the triloop in NMR experiments (36). 

(iv) GTC repeats: Simulations for the 5ô-GTC-3ô triloop identify aaa and saa motifs as more stable than 

the other conformations, with a G/T stacking. However, there is no hydrogen bond in the GC pair of the 

loop, in contrast to the case of the GAC triloop, where there is a sheared Ganti Ā Csyn base pair with two 

hydrogen bonds. Thus, the loop is closed by the weaker TC/GT step, resulting in a weak triloop. The 5ô-

TCGT-3ô tetraloop, on the other hand, stabilizes in both aaaa and aasa conformations, and unlike the Aanti Ā 

Asyn pair in the 5ô-ACGA-3ô tetraloop in GAC repeats, two hydrogen bonds contribute to the Tanti Ā Tanti 

pair in the 5ô-TCGT-3ô tetraloop.  Thus, the hydrogen bond situation is opposite in GAC and GTC 

repeats: one hydrogen bond in the sheared G Ā C pair that stabilizes the GAC triloop is not present in a 

GTC triloop; and two hydrogen bonds stabilize the GTC tetraloop, as opposed to only one in the GAC 

tetraloop. In addition, the aaaa conformation shows two independent long-lived conformers: one displays 

a G/T stack, and the other one displays a C9 flipped out almost vertically to the loop. 

smFRET studies of CTG TNR hairpins containing a single TTG interrupt unit 

In our previous study of CAG TNR hairpins, we found dramatic stabilization of slipped states when a 

single G is changed to A to place a CAA trinucleotide unit (interrupting the CAG repeats) at the loop of 

the hairpin. These synonymous mutations, coding for the same protein, have been found to play 

significant roles in Huntingtonôs Disease (40ï42). To address the expected impact of the interrupt in a 

dsDNA context when the CAG TNR is interrupted by CAA, we examined the slipped states and kinetics 

of the complementary sequence that forms a TNR hairpin formed from CTG repeats interrupted by a 

single TTG (Figure 6). Using the (CTG)15 scaffold, we placed a TTG substitution at 3 different places 

across the loop position in hairpins denoted with the number of CTG repeats on either side of that TTG: 

(CTG)6(TTG)(CTG)8, (CTG)7(TTG)(CTG)7, or (CTG)8(TTG)(CTG)6 (Figure 6A). Examination of 

example time traces shows that the interrupted (CTG) hairpins remain dynamic with state switching 

(Figure 6B). The (CTG)7(TTG)(CTG)7 and (CTG)8(TTG)(CTG)6 variants have less switching than the 

original (CTG)15 hairpin, which switched between 2 predominant FRET values of 0.74 and 0.53. The 

(CTG)7(TTG)(CTG)7 hairpin has a single major population at 0.54 FRET, which is the +1 slip state and 

the (CTG)8(TTG)(CTG)6 is stabilized at the 0.75 FRET, which upon our more detailed examination 

(discussed above) can contain both 0 and -1 slip states.  Both states position the interrupting T base in the 

loop. In the (CTG)6(TTG)(CTG)8 variant, 3 FRET peaks are present, 0.73, 0.52 and the new peak at 

0.31. The new lowest FRET peak is in the range expected for the +3 slip state, which also positions the 

interrupting T base in the loop, but in that configuration enough stem bonding is lost to result in overall 

lower stability. The behavior of all three of these interrupted CTG sequences suggest that there is a strong 

energetic preference for CTT interrupted CTG TNR hairpins to position the T interrupting base in a 

tetraloop configuration. This preference may have implications for higher order transient configurations 

of DNA that may occur during replication or transcription, as discussed further below. 
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Discussion 

We have used single molecule FRET experiments and molecular dynamics simulations of four 

trinucleotide repeat sequences to directly measure sequence-dependent structures and dynamic transitions. 

Hairpin stabilization is the result of a careful balance between the loop and the stem free energies. Loop 

stabilization involves a balance between stacking energies, hydrogen bonds, backbone deformation 

energies and entropy within the loop proper (triloop or tetraloop) and the base pairs that close it.  Stem 

free energies mainly differ in hydrogen bond patterns (T Ā T and A Ā A) and stacking interactions, and 

there is a penalty for unpaired trinucleotides. It may be tempting to search for a ñuniversalò criterion that 

explains at the same time the stability of all the loops, but we could not identify that single criterion; there 

was always an outlier. For instance, the presence of hydrogen bonds in the flanking bases of the loop 

could be one of such criteria: this is true for CTG and GTC sequences, where there are more hydrogen 

bonds in the T Ā T bases of the tetraloop than in the sheared C Ā G or G Ā C pairs in the triloop; and in GAC 

repeats where there are two hydrogen bonds in the triloop but only one in the tetraloop. However, it is not 

the case of CAG (where there is a single hydrogen bond in both tri- and tetra-loops). Alternatively, one 

can consider the strength of the base step that closes the loop, as suggested in Ref. (13). This applies to 

CTG and CAG repeats, whose tetraloops are closed by the strongest GpC step, but it is not the case for 

the GAC repeats, where the triloop is locked by a weaker AC/GA step in comparison to the stronger CpG 

step that closes the GAC tetraloop. Nevertheless, the reversed sequences show different preferences for 

number of steps in slips (Figure 4), as has been previously suggested (13). 

Experimentally, we determined subtle sequence-dependent conformational differences that occur in the 

ssDNA overhanging ends of these structures. These effects required extensive control experiments and 

development of additional analysis approaches (supporting materials) to sort the underlying states. The 

quantitative characterization of this complex kinetic scheme with states yielding closely spaced FRET 

efficiencies further demonstrates the ability of single molecule FRET to reveal near atomic-level details 

of dynamic molecules (43) and quantitatively characterize kinetic differences in closely related states of 

molecules (27). 

We confirm parity dependent phenomena reflecting differences in stem alignment in even and odd 

numbers of repeats to achieve preferred loop configurations (tetraloop vs. triloop), as previously reported 

(13ï15, 19, 26, 44), yet initial transient formation of hairpins in a genomic context may populate a range 

of even and odd number repeat hairpins. In this spirit, pooling the results of our 14 and 15 repeat studies 

for each hairpin (Figure 4), we find that (CAG), (CTG), and (GTC) repeat hairpins all favor the tetraloop 

configuration, while (GAC) repeat hairpin favors the triloop configuration (total percent in tetraloop: 

CAG 89%; CTG 89%; GTC 69%; GAC 26%). The preferences for the tetraloop states in (CAG) and 

(CTG) are sufficiently strong that these hairpins are most likely to undergo transitions among slipped 

states in ±2 steps that avoid the triloop (Figure 4A, B). In contrast, tetraloop and triloop are more evenly 

populated for (GAC) and (GTC) hairpins, and the most common transition we observe for these hairpins 

are steps of ±1 slipped states (stepping between tetraloops and triloops). Our molecular dynamics 

simulations confirm these loop preferences and reveal details of the atomic interactions that generate the 

energetics determining these behaviors (Figure 5). 

The strong preference for transitions among slipped states in ±2 steps in the CAG and CTG hairpins 

agrees with several previous studies using a variety of approaches (3, 13ï15, 19, 26, 44). These previous 

studies did not have the resolution to tease apart the subtly different states we identify here, and thus were 

not able to determine the detailed kinetic scheme we map out in this current work. Our findings of the 

dominant configuration for the (GAC) and (GTC) TNR hairpins also compare favorably with the work by 

Hartenstine, Goodman, Petruska (13) who used an indirect reporter of polymerase extension to 
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characterize the equilibrium distribution of populations of slipped hairpins. This study used starting 

substrates with 12 matched base pairs at the end of the TNR hairpin loops. For slips in one direction along 

the hairpin, ssDNA would overhang from the duplex region with the matched base pairs and form a 

primer-template junction that a polymerase then extended. At various timepoints, length variations 

assessed by gel electrophoresis analysis were associated with the presence of an overhang arising from a 

slipped state. Note this assay was thus limited to detect only one direction of slipping. Although many of 

the trends we observe in our free-end hairpins were present in the earlier work, the ±1 step we observe as 

the dominant pathway for GTC hairpins was not detected with the hairpins clamped by the initial 12 

matched bases. Interestingly, this earlier paper mentions the expectation that base stacking should bias the 

CAG and CTG toward ±2 steps compared to the GTC and GAC which would be expected to prefer ±1 

steps and those authors speculate that their experiment was just on a boundary of marginal stability and 

tilted toward the ±1 steps for GAC hairpins. Further limiting quantitative comparison with our work, in 

this earlier study increasing numbers of matched clamping bases would accumulate as slips accumulate 

and complementary DNA was synthesized by the polymerase. This growing fraction of clamping matched 

bases with increasing slip numbers further slowed the slipping kinetics. Our real-time smFRET assay of 

slipping notably resolves both positive and negative slips and reports the slipping rates of the TNR 

hairpin segment without complications of matching bases clamping the end. Despite the challenges in 

quantitative comparison, our results are in general agreement with the earlier study (13). The details of 

these differences further emphasize the theme of the delicate balance of stem-loop energies that determine 

the dynamics of these structures.  

The results that these hairpins divide into two groups with similar biophysical properties (CAG and CTG 

in one category and GAC and GTC in a different category) interestingly correlate with other observed 

biological properties where these reversed sequences behave differently. A study of deletion and 

expansion of TNR DNA on plasmids inserted into E. coli (45) found that CTG expands 9 times more 

readily than the 9 others they tested, which included GTC. While (CAG)Ā(CTG) repeats in human genes 

can experience large expansion of 10-100s that associate with disease, the only human pathology thus far 

reported for (GAC)Ā(GTC) repeats in humans is in a gene related to skeletal dysplasia, where the normal 

(GAC)5 sequence changes by only ±1 or +2 TNR units to cause the disorder (24, 25). Overall, GAC and 

GTC TNR appear not to /undergo the dramatic expansion that is seen in some CAG and CTG genomic 

disorders. The differences in these expansion behaviors may result from the biophysical differences 

characterized by the slipping dynamics and energetic stabilities we report. 

The relative stability of the loops we characterized has interesting consequences when one considers the 

original double stranded DNA: (CAG) Ā (CTG) and (GAC) Ā (GTC) duplexes. Pearson and Sinden carried 

out electrophoresis experiments on (CAG) Ā (CTG) and (CGG) Ā (CCG) repeated duplexes and reported 

the formation of non-canonical DNA structures (when the strands were separated) which persisted after 

reannealing of the complementary strands containing equal repeat lengths (3). It was suggested that each 

complementary strand could contain mirror hairpins that travel in opposite ways (echoed by others (14)), 

or a small series of hairpins, or non-structured loops, or combinations of these. These early experiments 

could not determine the non-B DNA structures or their relative stability, and there was no data for the 

non-expanding GNC sequences. According to the present stability analysis, if the strands were to open up 

and form ñmirrorò hairpins as those shown in Supplemental Figure S18, then the CNG sequences would 

lead to a ñstableò cruciform DNA, with tetraloops in both strands, and an ñunstableò cruciform, with 

triloops in both strands. The non-expanding GNC sequences, on the other hand, would result in two 

ñfrustratedò cruciform DNA conformations because GAC favors triloops and GTC favors tetraloops. 

Even if one allows for the asymmetric formation of hairpins in the complementary strands, as shown in 

Figure 5C, there are clearly more constraints to the annealing of strands with same number of repeats in 
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the GNC sequences than in the CNG sequences (in addition to the fact that it is costlier to nucleate the 

new hairpins than to extend an existing one). Although hairpins are presumed to form in already separated 

strands, if they appear or survive in the two complimentary strands, then hairpin slippage would be in 

phase for the two strands in CNG sequences, allowing them to travel apart in a soliton-like wave or 

rollamers (14, 17, 18) (Figure 7). Instead, the hairpins in complementary strands would be out of phase in 

non-expanding GNC sequences, which would impede hairpin migration and facilitate the ñre-annealingò 

of the canonical B-DNA.  

Our experiments found some kinetic rates varied by more than a factor of 10 for transitions among 

hairpins that could form complementary duplexes. This difference is evident examining typical traces 

from (CAG)14 where transitions from high FRET to mid FRET occur approximately 10 times more 

frequently than in (CTG)14 (Figure 2). Similar trends are seen for (CAG)15 and (CTG)15 (Figure 2).  The 

quantitative kinetic measurements confirm these differences. In figure 4, the rate of (CAG)14 slipping -2 is 

17 times greater than for it slipping +2, while the -2 rate of (CTG)14 is 14 times smaller than its +2 rate 

(Figure 4A). A -2 slip in either of these sequences is a shift of the hairpin loop toward the 5ô end (Figure 

1B). Our experiments examined a steady state where each hairpin remains folded while slipping back and 

forth for an extended period (there were no fully matched base pair constraints on the ends). It is useful to 

compare with the previous work examining slipping via polymerase extension reactions that studied 16-

repeat TNR hairpins closed by 12 fully matched base pairs (13). That study reported that (CTG) repeat 

expands several times slower than (CAG), (GTC) or (GAC) repeat sequences, a trend in agreement with 

melting studies they also reported. These results broadly agree with trends of the rates measured in our 

studies where the relevant rate to compare is for transition from 0 slipped state to -2 slipped state in 

(CTG)14 and to -1 slipped state in (GAC)14 and (GTC)14 (Figure 4): 0.71 s-1 (GTC), 0.06 s-1 (CTG), 0.19 s-1 

(GAC), transition not observed for (CAG)), suggesting the hairpin loop-stem energetics continue to 

control slipping despite the 12 matched bases in the hairpins used in that previous work.  

If these trends in rates are broadly conserved in the context of the cruciform structure that would form 

after a complementary duplex opened with two opposing hairpins which must be zero slip in our notation 

(Figure 4C), then the relative importance of the initial transitions that would drive hairpin migration can 

be estimated using our reported rates. For example, in CAG-CTG opposing hairpins with 14 repeats the 

rates we measure suggest that the (CAG) repeat hairpin will move toward its 5ô direction and the (CTG) 

repeat hairpin have approximately equal probability to move either direction, thus moving together or 

apart with equal probability. The 15 repeat CAG and CTG hairpins have similar trends (Figure 4A, B). 

Intriguingly, migration of a single TNR extended arm has been observed in a 3-way junction context for 

short (CAG) and (CTG) hairpins (17). In contrast, we observe that the GAC and GTC hairpins will tend 

to make initial transitions that keep the arms directly opposite each other. For example, in most likely 

transition from 0 slip in (GAC)14 is to +1 slipped state, which move the arm toward the 3ô end, whereas 

the initial step from 0 slip for (GTC)14 is to the -1 slipped state, moving the GTC arm toward its 5ô end. 

These transitions in the cruciform context move the arms together so they remain directly across from 

each other (Figure 7B). Summarizing this argument, if (CAG)·(CTG) duplex DNA opened into a 

cruciform, our model suggests the two opposing TNR hairpin arms have approximately equal probability 

to migrate the same way as opposite ways, but in contrast the arms from a GAC-GTC opened cruciform 

would tend to migrate together. If directly opposed arms will help a cruciform relax to duplex DNA, then 

GAC-GTC would be expected to resolve to duplex DNA more efficiently than CAG-CTG, which have a 

higher likelihood of separating arms and possibly persisting. 

Interrupts in the TNR motif are important for the stability of several TNRs with CAA interrupts in the 

CAG TNR having impacts on Huntingtonôs disease severity (40ï42). We have previously reported CAA 
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interrupts in CAG TNR stabilize the hairpin dynamics when the interrupt is in the loop (19). Here we 

extend that study by observing similar stabilization for TTG interrupts in a (CTG) repeat hairpin (Figure 

6). In the case of such an interrupted (CAG)Ā(CTG) duplex, if a cruciform opened from the duplex with 

opposing TNR arms, then the increased stability of placing the interrupting TNR unit at the loop position 

would further inhibit rolling migration of the stems. In this case, if one stem moves away from the other, 

then one loop would be in a local stable state with the interrupt in the loop whereas the other stem would 

experience even lower stability because the interrupting base would disrupt additional base pairs (Figure 

7A). The subtle balance between stem and loop energetics could be sufficiently sensitive to these 

differences to generate a strong bias for the cruciform arms to remain positioned in register with the 

interrupting base at the loop. Such bias might help aberrant cruciform structures to collapse back to 

duplex DNA before migration of the arms apart could commence. If separation of the arms is important 

for downstream events that contribute to TNR expansion, such as interaction with DNA mismatch repair 

machinery, then the role of interrupts may be to align the opposing hairpins long enough for collapse to 

full duplex. 

The concept of biophysical properties of the TNR hairpins promoting or inhibiting migration apart of 

opposing arms in a cruciform structure applies broadly to all the hairpins we examined beyond interrupted 

sequences. This may suggest that such migration apart is related to the mechanisms leading to TNR 

expansion. In the event opposing TNR hairpin arms in an initial cruciform assembly do separate, a single-

stranded cleavage in one strand of a hairpin (nicking) would allow the hairpin arm to stretch open, leaving 

a single-stranded gap in the local duplex. The subsequent ýlling of this gap in the nicked strand would 

then result in TR expansion. TR hairpins with mismatched bases are recognized by DNA MMR protein 

MutSŬ and MutSɓ (46ï49). Activation of the endonuclease activity of MutLŬ or MutLɔ as part of the 

normal mismatch repair cascade after recognition by MutSŬ could be the source of the nick required to 

permit the TR hairpins to open in this model (50ï52). Such a mechanism would agree with the 

observation that suppressing DNA mismatch repair activity can reduce TNR expansion (46, 48, 49). The 

correlations we present between the degree of frustration between such opposed TNR hairpins and the 

propensity for pathogenic TNR expansion point toward a picture where fundamental kinetic properties of 

these molecules play an important role in controlling access to the mechanisms that cause the disease 

related instabilities. 

Materials and Methods 

DNA substrates for smFRET experiments  

 

A two-strand DNA system was designed as described before (19). The main strand contains several key 

features (in order 5ô to 3ô): a 5ô acceptor fluorophore (Atto647N), the hairpin sequence of interest, a 5-

nucleotide (TTTTC) spacer, and finally 32 nucleotides that are complementary to the other 36-nucleotide 

strand. For some experiments, Atto647N-NHS was instead attached to an internal amino-dT, as indicated. 

The other strand, called the anchor strand, was biotinylated at the 5ô end and has a C6 dT internal amino 

modifier (iAmMC6T) at the 7th nucleotide from the 3ô end, which was labeled with donor Cy3-NHS 

ester. All DNA oligos were purchased from IDT (Coralville, IA, USA) and HPLC purified. The main 

hairpin-containing strand and the anchor strand were annealed by mixing the two components in pH 8.0, 

10mM Tris·HCl, 1mM EDTA, 100mM NaCl and 20 mM MgCl2, heating to 95°C for 5 mins, then slowly 

cooling to room temperature. Different hairpins were tested with this system that maintains similar 

positioning of the donor and acceptor fluorophores on either end of the hairpin region. All sequences of 

DNA used are listed in supplementary table S17. 

 

Single-molecule fluorescence imaging and data analysis.  
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A home-built prism-based total internal reflection microscope was used for all single molecules 

fluorescence imaging as described before (53). Midway through this project, we changed the emCCD 

camera and the donor and acceptor path filters, so care is required comparing various results. FRET 

experiments using 15 msec frame integration times were conducted before the upgrade, using a Dualview 

image splitter with a 645dcxr dichroic mirror (Chroma), donor-channel filter HQ585/70m filter (Chroma), 

acceptor-channel filter HQ700/75m filter (Chroma), and an emCCD camera (Cascade 512B, 

Photometrics), the same as our previous publication (19). FRET experiments conducted with 10 or 50 

msec frame integration times used the newer instrument with a Dualview image splitter as well as a 

645dcxr dichroic mirror (Chroma), donor-channel filter ET585/65m (Chroma), acceptor-channel filter 

ET700/75m (Chroma) and a different emCCD camera (Evolve 512Delta, Photometrics). 3x3 binning was 

used in all experiments except 1x1 binning was used in 50 msec frame integration times studies, which 

only applied to the measurements of kinetics of the two slowest systems ((GAC)15 and (CTG)14). FRET 

values of the same hairpin measured with different filters and cameras are not identical due to 

instrumental differences, therefore, FRET values should only be quantitatively compared among the data 

taken in the same camera frame rate. Supplemental Table 1 and 2 report values for all the FRET 

efficiency measurements and indicate the frame integration time used. All the FRET efficiency 

discussions use the 10ms frame rate data unless otherwise noted.  

 

Biotinylated hairpin DNAs were immobilized on the surface of a home-built flow chamber between a 

quartz microscope slide and a coverslip. The quartz surface was coated with biotinylated bovine serum 

albumin (biotin-BSA) and streptavidin to achieve well-spaced DNA molecules. All measurements were 

conducted at 21°C. All sample addition was performed in buffer containing 20 mM TrisïHCl pH 8.0, 10 

mM NaCl.  smFRET imaging used the same buffer augmented with an oxygen scavenging system of 1% 

glucose, glucose oxidase (100 units/ml), catalase (1000 units/ml), 0.05 mg/ml cycooctatetraene and 1% ɓ-

mercaptoethanol. Fluorescence intensity vs. time was recorded in movies taken at multiple locations on 

the surface of the channel. Donor intensity (Id) and acceptor intensity (Ia) were extracted from 

corresponding spots in the movies for single DNAs and were corrected to remove background signals and 

leakage of donor intensity into the acceptor channel. FRET efficiency was then calculated as E = Ia / (Ia + 

Id) and not corrected for gamma factor (54). Histograms contain the accumulated timepoints of FRET 

efficiency from multiple picked molecules. FRET efficiency histograms are fit with multiple Gaussian 

functions to identify the peak locations. Each 15ms frame rate experiment was repeated at least three 

times obtained the estimates of the uncertainty in the reported peak values in Supplemental Figure S9. 

Note that the FRET 0 population of all hairpins is due to photo blinking and/or bleaching of the acceptor. 

All the end labeled regular hairpins and T3 variants measurements were repeated three times with 15ms 

experiment setup. The standard deviation of peak center point of FRET efficiencies from Gaussian fitting 

is below 0.03 for the well-populated states, whereas the standard deviation of the less populated states is 

below 0.06. These standard deviation values of replicate experiments demonstrate the repeatability of our 

smFRET measurements. To improve the ability to separate states with closely spaced FRET efficiencies, 

we developed methods to reduce the FWHM of the FRET histogram peaks by smoothing the FRET 

trajectories before histogram assembly. We applied a Chunk-Kennedy (CK) filter (full details are in 

supplementary note 1) to FRET data acquired with 10ms frame rate, which reduced the FWHM by over 

50% and enabled better separation of less populated peaks.  

By performing parallel experiments on identical hairpins that only differed in the location of the acceptor, 

we avoided the stem region where 5ô termini can form folded structures when in slipped states with an 

overhanging single strand. These variations allowed us to identified degeneracy of FRET efficiency for 

states representing 0 and -1 slipped configuration in (CTG) and (GTC) hairpins (for full details see 

Supplementary note 3). Because we used two different acceptor attachment locations for CTG and GTC 
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hairpin experiments, we are consistent in the nomenclature used throughout this work: all the discussion 

of FRET results referring to ñCTGò or ñGTCò refer to the 5ô end labeled DNA hairpins, and internal 

labeled hairpins are noted by appending ñ_fifth_dTò.  

 

Dwell time analysis of smFRET traces.  

FRET time trajectories contain the dwell times in each state and the sequence of transitions between 

states. To automate extraction of these dwell times, we first smoothed the FRET time trajectories using 

Chung-Kennedy filtering (CK) (55ï57) (see Supplemental note 1 and 2). Then we performed kinetic 

analysis of these trajectories using 3 different algorithms: Edge detection (CK), a k-means clustering 

algorithm (K-means), and the Spartan software package (58) from the Scott Blanchard lab. FRET states 

population and transition rates were obtained from analysis of 10ms frame rate FRET traces. (CTG)14 

and (GAC)15 has one state whose average lifetime is ~10s. Therefore, we also performed experiments 

with 50ms frame rate that were for dwell time analysis to better capture the slow kinetic rates of (CTG)14 

and (GAC)15 hairpins.  

 

MD simulation 

The MD simulations of the DNA hairpins were carried out with the Amber18 package (59) with the force 

field BSC1 (60). The TIP3P water model (61) was used for the explicit solvent. Periodic boundary 

conditions in a truncated octahedron water box were used and the appropriate number of sodium ions 

(parameters in Ref. (62)) were added in order to neutralize the nucleic acid charges. Electrostatics were 

handled by the Particle Mesh Ewald Method (63) with a direct space cutoff of 9; the same cutoff was 

used for the van der Waals interaction. We used Langevin dynamics to control the temperature with a 

coupling parameter of 1.0 ps-1. The SHAKE algorithm (64) was applied to all bonds involving hydrogen 

atoms. The starting conformations for the MD simulations were obtained as follows. We first minimized 

the energy of the initial conformations obtained by the modeling process. First, by keeping the nucleic 

acids and ions fixed; then by allowing them to move. Subsequently, the temperature of the system was 

gradually raised using conditions of constant volume from 0 to 300 K over 50 ps runs with a 1 fs 

timestep. Then, 100 ps runs at constant volume were used while gradually reducing the harmonic 

restraining force for the nucleic acids and ions. During the equilibration runs, a weak constraint of 1 

kcal/mol was placed on the hydrogen bonds of the end bases to reduce any artificial fraying effects. The 

MD production runs were performed over 2 ɛs with a 2 fs timestep under conditions of 1 atm constant 

pressure. 

The initial structures for the loop part were modified from PDB ID:2M8Y (65) that has a GCA triloop 

and PDB ID:2K71 (66) that has a GAAA tetraloop. These hairpins were mutated. First, we shortened the 

hairpin length to 7 or 8 nucleotides for one and two repeats models (Figure 5). Next, we mutated the 

residues to match our GAC/CTG/GTC sequences. Considering the large free energy barriers associated 

with the rotation of the ɢ angles of the bases in the loops, we built the hairpins with all reasonable 

combinations of anti- and syn- ɢ angles as described in the Results. The initial hairpins for a larger 

number of repeats were built by adding extra residues to the 5ô and 3ô ends.  
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Figure 3.1 The experimental design of the hairpins in this study. (A) (CTG) is displayed, but the anchor 

strand, donor placement and anchor complement, and spacer are identical for all except some control 

variants (details in supplementary table S17). (B) Details of hairpins used in this study for -1, 0 and +1 

slip states. The overhanging 5ô region is depicted in the approximate configuration consistent with 

experiments (described in detail in the text). 
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Figure 3.2 Example single molecule donor (blue) and acceptor (red) background subtracted intensity as 

well as FRET efficiency ratio (black) as a function of time for hairpins used in this study. Data acquired 

using 15 msec camera frame integration time. 
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Figure 3.3 Details about using different label sites to extract distinct states from single molecule FRET 

data.  (A) Schematics of (GTC)15 hairpins in different slipped states with 5ô-acceptor attachment (left) or 

amino-dT acceptor-attachment at the 5th base (right). The distance between donor and acceptor are 

depicted based on experimental FRET measurements. (B) FRET efficiency values of peak of Gaussian 

fitting of experimental measurements for hairpins studied. These data are acquired using 15 msec frame 

integration times.  Error bars are standard deviation of 3 independent replicates of experiments. Points 

without error bars were measured only once. The zero FRET efficiency points are primarily due to 

acceptor blinking events. The T3 and SC variants are described in the text. (C) FRET efficiency 

histogram from 10 msec measurements of (GTC)15 using CK filter smoothed traces (supplementary notes 

1-2) with 5ô-acceptor (upper) and ófifthô-dT acceptor (lower) attachment sites. The fifth_dT variant 

separates the -1 and 0 slipped states, which were overlapping in the other label scheme. D) Example 

donor (blue), acceptor (red) and FRET efficiency (black) time traces contributing to histograms in C. 
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Figure 3.4 Summary of single molecule FRET measurements of CAG, CTG, GAC and GTC hairpins 

with implications for cruciform configurations. A) Results using 5ô acceptor labeling and 10 msec 

resolution (except slow rates for (CTG)14 and (GAC)15, which used 50 msec).  B) Results using 5th_DT 

labeling of acceptor, but otherwise as in A. In both A) and B): circle size represents the relative size of 

equilibrium populations (printed as % above circles) and transition rates in unit s-1 are indicated in 

numbers above or below arrows. The thickness of arrows relates to the likelihood of the transition. 

Specifically for each hairpin, the most observe transition is the thickest line (a common thickness is used 

for the most populated transition in every hairpin. Thus, comparisons of transition line thickness between 

hairpins are not meaningful). In each hairpin, the thickness of other lines is proportionally smaller based 

on the number of occurrences for that transition normalized to the total number of transitions for that 

hairpin. The states are labeled with slipped state number and placed on corresponding triloop or tetraloop 

columns (shaded vertical stripes) according to associated loop configuration. Schematic tetraloop and 

triloop structures are shown to the left of transition plots. (CAG)14, (CAG)15, (CTG)14 and (CTG)15 

(left, A,B) strongly prefer tetraloop configurations and make transitions of slips of +/- two trinucleotide 

units. In contrast, (GAC)14, (GAC)15, (GTC)14 and (GTC)15 (right, A,B) exist in both triloop and 

tetraloop configurations and make most frequently transitions of slips of +/- one trinucleotide units. 

Notably, (GAC)15 has a dominant population in the triloop state. Dashed arrows represent transitions 

with rates we could not resolve because the state dwell times are close to our experimental camera frame 

integration times. (C) Schematics of cruciform configurations that can result from opening in regions of 

dsDNA for (CAG) Ā (CTG) duplexes (left) and (GAC) Ā (GTC) duplexes (right). Favored and unfavored 

loop configurations are indicated. 
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Figure 3.5 The structures of the stable hairpins from MD simulations. 
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Figure 3.6 Single molecule FRET measurements of TTG interrupted (CTG) TNR hairpins. (A) 

Schematics showing slipped states of several TTG interrupt locations. The changed T is highlighted, and 

the red X marks the missing base-pairing associated with this change from C to T.  (B) Examples of 

typical donor (blue), acceptor (red), and FRET efficiency (black) time traces (acquired at 10 msec frame 

integration times) for the indicated hairpins.  Note the impact on dynamics from the TTG interrupt 

location. (C) FRET efficiency histograms for the indicated hairpins demonstrating the TTG interrupt 

location stabilizes different slipped states. FRET efficiency peak center and fraction of population in that 

peak from Gaussian fitting are indicated in red text. 
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Figure 3.7 Cruciform migration models. A)  Repeated (CAG)Ā(CTG) duplexes interrupted by a single 

(CAA)Ā(TTG) complementary trinucleotide (highlighted red) are more stable in a cruciform with the arms 

directly opposite (right), where the interrupts are in the loop, compared to configurations with the arms 

migrated apart (left). B) Kinetic slipping rate arguments (main text) suggest that opposed CAG and CTG 

hairpins have greater potential to migrate apart compared to opposed GAC and GTC hairpins in cruciform 

configurations. 
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CHAPTER 4. Chung-Kennedy filter and edge detection for kinetic and FRET analysis 

 

4.1 Introduction to Chung-Kennedy filter and edge detection 

The Chung-Kennedy filter, later referred as the CK filter, was invented for reducing 

background noise in signal processing (Chung & Kennedy, 1991) and later introduced into single 

molecule FRET trajectory smoothing by Gilad Haran (Haran, 2004). To briefly describe the 

theory of CK filter, intensity at data point Ὥ, ὍὭ, can be represented by a weighted combination 

of average intensities before and after the original data point, 

Ὅ
ρ

ὔ
ὍὮ                                                        τȢρ 

 

Ὅ
ρ

ὔ
ὍὮ                                                        τȢς 

 

ὍὭ Ὢ ὭὍ Ὥ ὦ ὭὍ Ὥ                                         τȢσ 

where ὔ, named Mean Window in our program, is a parameter which determines the size of 

window for averaging. The forward weight and backward weight are given by the donor and 

acceptor intensities 

ὪὭ ὅ ὍὭ Ὦ Ὅȟ Ὥ Ὦ ὍὭ Ὦ Ὅȟ Ὥ Ὦ   τȢτ 

 

ὦ Ὥ ὅ ὍὭ Ὦ Ὅȟ Ὥ Ὦ ὍὭ Ὦ Ὅȟ Ὥ Ὦ   τȢυ 

 

where ὓ, named Predictor Window in our program, is a parameter which determines the size of 

the window over which the predictors are to be compared. ὴ, named exponent in our program, is 
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a weighting factor that amplify nonzero weights; ὅ is a normalization factor that is calculated at 

each data point i such that Ὢ Ὥ ὦ Ὥ ρ. 

Similarly, a variant of the filter using a backward/forward window can be used to 

calculate the standard deviation of data points around a time point to determine whether that time 

point is a transition edge between distinct FRET states (Gauer et al., 2016). Here we developed a 

full MATLAB package based on the CK filter and CK detection that first, provides a visual 

platform for users who want to perform kinetic or FRET analysis of their smFRET trajectories; 

second, allows users to batch analyze traces with the optimal parameters of their choices; third, 

promotes an alternative approach compared to more widely used Hidden Markov Model (HMM) 

for single molecule time trace analysis. This software package is available for free download 

from Keith Weninger website at NC State University. This software can run properly in 

MATLAB 2020b.   

 

4.2 Guidelines to use Chung-Kennedy filter and edge detection MATLAB package 

4.2.1 General workflow 

For visualization of FRET traces and transition analysis, use the MATLAB app called 

ñFRETtraceviewer.mlappò. The schematic workflow is shown in Fig 4.1. For more details check 

section 1.2.3. Furthermore, some helpful points are listed below: 

¶ Trace files must follow specific file name rules and data arrangement rules. See 

section 1.2.2 for more details. 

¶ Check the boxes in the bottom-right ñToolkit optionò first before adjusting the 

parameters in the bottom-middle tab. 

¶ Using the ñRefresh Figureò button or restarting the program may solve many error 

that may be encoutered. 
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Figure 4.1 Workflow of ñFRETtraceviewer.mlappò. To visualize the FRET trajectories, a user must 

input or import the file setting. Then user could choose the filter by checking correspondent boxes, 

adjust various parameters to achieve the optimal results and repeat the optimization cycle several 

times for multiple traces. The user will finally export all the parameter settings when finished. 

 

Use the MATLAB script called ñmain.mò to perform batch transition analysis of multiple 

traces and to generate a text file containing dwell position, duration, and average FRET. For 

more details check section 1.2.4. Furthermore, some helpful points include: 

¶ Trace files must follow specific file name rules and data arrangement rules. See 

section 1.2.2 for more details. 

¶ The parameter setting file from the MATLAB app is required. 
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¶ Place ALL the MATLAB scripts in the same folder along with the parameter 

setting file and data files. 

¶ The two-sample t-test filter has not been added into the batch analysis at this time. 

4.2.2 Export trace data into the appropriate format 

The first step in the analysis pipeline is to export your trace data into the appropriate 

format. In Keith Weninger lab we use ñ.tracesò format files to view all the traces in a single 

video and Igor files to view individual trace. For external use, export individual trace data into a 

three-column txt file. The first column should be the time points axis. The second column should 

be donor emission intensity. The third column should be acceptor emission intensity. Make sure 

the three columns are the same size. File name of each trace follow rules of ñprefix + number + 

suffixò or ñprefix + number + infix + number + suffixò. For example, you can name your trace 

file as ñtrace15.txtò or ñvideo1trace15.txtò. 

4.2.3 View traces and test kinetic analysis parameters with ñFRETtraceviewer.mlappò 

The second step is to analyze traces with the MATLAB app program named 

ñFRETtraceviewer.mlappò. If this is the first time you open your trace files, input the 

ñFilenamePrefixò, ñFilenameInfixò, ñFilenameSuffixò, and ñTimestepò manually in the bottom-

left corner. If you have a ñSettings.matò file ready, use the ñLoad Settingsò button to import your 

settings. Next use the ñOpen Fileò button to view your trace data. Use the ñNext Traceò button 

and ñLast Traceò button to view the different traces (if you follow the file naming rules above). 

Use the ñSave Settingsò button to save all the settings. Saving settings in a file is important 

because it allows you to do the batch analysis with MATLAB scripts package as well as quickly 

reload the parameters you use into the MATLAB app. Use the ñQuitò button to exit the program. 
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After opening the trace file, you can see the trace pop up in a window that shows the donor 

signal in green, acceptor signal in red and FRET efficiency in magenta.  

I. Toolkit Option  

In the bottom-right corner, there is a section called ñToolkit Optionò. Check the boxes of 

the tool you want to apply.  When you click the ñRefresh Figureò button, you will see the change 

in your FRET trace figures. Checking the ñBad data filterò will show accepted data points in the 

black-and-white color bar above the figure. Checking the ñCK filterò box will show smoothed 

donor traces, acceptor traces, and FRET traces in the third and fourth figures. Checking the ñCK 

edgeò box will show the identified transition edges in all four figures. Checking the ñCK edge 

analysisò will show the standard deviation of donor traces, acceptor traces, and FRET traces in 

the third and fourth figures. Checking the ñt-testò box will change the color of edges rejected by 

two-sample t-test from black to red. Detailed explanation of each tool is listed below. Pushing 

ñCut Edgeò button eliminates the edges in the bad data region or edges deemed bad by the two-

sample t-test. The ñLoad external edgesò checkbox is a new feature for comparison of edges 

from the app and from the external text file generated by the MATLAB script package. External 

edges will be shown as red dashed lines. 

II. Trace display 

The bottom-middle ñTrace displayò tab allows you to specify the start time and the end 

time of all FRET traces as well as the lower limit and upper limit of donor/acceptor intensity that 

is displayed in the figures. Check the boxes first then input the intended value. The ñTrace 

displayò parameter will not be exported into the setting file. 

III. CK filter  
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The bottom-middle ñCK filterò tab allows you to specify mean window size, predictor 

window size, and exponent values of the CK filter algorithm. Mean window size determines the 

average intensity values for linear combination. Typically, one mean window size is used in this 

nonlinear filter. Predictor window size determines the weight factor of the linear combination. 

Exponent value determines the sharpness of the transition. Higher values means sharper 

transitions. Donor and acceptor intensity traces will be smoothed accordingly, and then smoothed 

FRET traces will be calculated from the equation Ia / (Ia + Id). Empirically, mean window size 

should usually be between 3 and 20, predictor window size should typically be between 3 and 

20, and common exponent values should be between 1 and 50. 

IV. CK edge detection filter 

The bottom middle ñCK edge detectionò tab allows you to specify mean window size, 

Donor & Acceptor MinPeakHeight (DA MPH), and FRET MinPeakHeight (FRET MPH) of the 

CK edge detection. Empirically, mean window size should typically be between 3 and 20. DA 

MPH and FRET MPH is the threshold above which the local maxima of standard deviation will 

be considered to be a transition edge. Choose either ñDonor + Acceptorò or ñFRETò as the edge 

criteria in the ñCK edge optionò box. By checking the ñCK edge analysisò box in the bottom 

right, you can see the standard deviation plot in the third and fourth figure, which helps 

determine the suitable CK edge option and MPH value to use.  

V. bad data filter 

The bottom-middle ñbad dataò tab allows you to filter out photobleaching and 

photoblinking data points in the FRET trace as well as unwanted head and tail sections. Filter 

results will be shown in the black-and-white color bar above the figure. Black section indicates 

rejected data points and white section indicates accepted data points. ñConfidence Levelò is a 
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percentage threshold for determining the data points that are ñbadò. ñBlink Capò is the smallest 

window size that is permitted for consecutive rejected or accepted data points. ñLower Limitò 

and ñUp Limitò set up the donor and acceptor intensity range that is acceptable. ñExclude Headò 

and ñExclude Tailò reject the data points on both ends of the trajectory in case of alternative laser 

excitation. 

VI. two-sample t-test filter 

The bottom-middle ñttest2 filterò tab allows you to apply the two-sample t-test on the 

forward and backward windows around each potential transition edge locations. Transition edges 

are accepted if the significance level (alpha) of the t-test comparing these data windows 

examining the FRET states before and after the potential transition edge is above the specified 

value. Accepted edges will be shown in black line while rejected edges in red. Push the ñplot p-

value in the second graphò to display the p-values of t-test (marked in blue stars) on each 

potential edge in the second figure. 

4.2.4 Batch analyze traces and export results with MATLAB scripts package 

The scripts package will import the parameter settings from step 1.2.2 and export all the 

properties of each individual dwell including file name, start time, dwell time, average FRET, 

average FRET of next dwell, standard deviation of FRET. 

To run the scripts, put all the traces and MATLAB scripts in the same folder. Also put the 

ñSettings.matò file from step 1.2.2 in the same folder. Open ñmain.mò in MATLAB, press F5 to 

run the script. A new window will pop up, select the file you want to start with and click yes. 

Select the last file to analyze in the next window and click yes. Pick the first file and last file in 

ascending numerical order.  At this point, a wait bar will pop up and the program should start 
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running. After the program finishes, a new text file will show up in the data folder including all 

the results mentioned above. 

 

4.3 Implementation and assessment of CK filter and edge detection 

4.3.1 Edge detection performance on smFRET trajectories from KinSoftChallenge 

In 2019, European scientists from the smFRET community launched a global project 

called the ókinSoftChallengeô (see website https://sites.google.com/view/kinsoftchallenge/home) 

where participants use their own analysis package to extract the quantitative kinetic information 

from the experimental or simulated raw smFRET data provided by the challenge organizers. The 

participants were unaware of the ground truth until everyone submitted their results. Then the 

organizer then evaluated all the approaches by comparing kinetic results of two-state model, 

three-state model, or degeneracy model.  

Weninger lab applied the CK edge detection package described above to published 

simulation and experimental smFRET time-lapse trajectories. The optimal parameter set was 

determined by manual selection to generate all the transition edges. We also sampled the 

parameter space to evaluate parameter sensitivity. Edge detection alone is not capable of 

generating the kinetic rates. We analyzed FRET efficiency histograms to decide the number of 

FRET states and FRET efficiency range of each state. Next, we obtained the average lifetime of 

each FRET state by pooling dwells whose average FRET efficiencies fall into assigned FRET 

intervals into a dwell-time histogram and fitting the histograms with single exponential decay 

functions. Lastly, we applied the branch theory to obtain the transition rates by weighing the 

inverse of average life with fractional transition frequency (Kinz-Thompson, Bailey, & 

Gonzalez, 2016). The results we submitted were close to the ground truth.  

The kinsoft challenge project has been accepted for publication in 2022. 

https://sites.google.com/view/kinsoftchallenge/home
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Figure 4.2 Test kinetic rates obtained from edge detection. Simulated or experiment smFRET 

trajectories were processed with edge detection and subsequent dwell time extraction and fitting 

to obtain the kinetic rates. Different set of parameters used in edge detection including window 

size and Meanpeakheight (MPH) are tested to generate kinetic rates for a two-state or three-state 
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system. Ground truth from simulation data is shown in the dashed line. All test data come from 

kinSoftChallenge. 

4.3.2 FRET and kinetic analysis of TNR hairpin smFRET traces with edge detection, k-

means, and HMM from SPARTAN 

Due to the fast time resolution (10 or 15 ms) in my TNR hairpin study, it is difficult to 

determine the existence and population of each slip conformation based on the raw FRET 

efficiency histogram. We use the CK filter to smooth the FRET trajectories, which dramatically 

reduced the Full Width at Half Maxima (FWHM) of peaks in FRET histograms. We combined 

CK edge detection with the smoothed FRET efficiency histograms as described in 4.3.1 to find 

the transition rates between slip conformations. We also test other approaches to compare the 

kinetic rates obtained from our edge detection algorithm. We first attempted a classic k-means 

algorithm, with implementation programs developed by Chelsea Mahn, to acquire the transition 

rates. Furthermore, we tested the Hidden Markov Model from SPARTAN, a MATLAB package 

from Scott Blanchard lab (Juette et al., 2016). We found that the kinetic rates generated by these 

different methods are on average 2-fold different. However, we do emphasize the effect of 

smoothing because implementation of SPARTAN with or without CK filter could lead to a 10-

fold difference in kinetic rates. Refer to Supplemental Table S6 from section 3.3 in appendix for 

details. 

I also proposed an alternative approach to narrow the FWHM in FRET efficiency 

histograms after we obtain the transition edges from edge detection. By filtering data points of 

each dwell based on its average FRET, we could generate hybrid FRET efficiency histograms 

with equal if not better FWHM from smoothed FRET histograms. This approach could be 
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improved by adapting the truncation range of dwells based on their average FRET. Refer to 

section 3.2 or Supplemental Figure S7 from section 3.3 in appendix for details. 
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CHAPTER 5. Summary 

In this thesis I have examined the structural and dynamic aspects of mutagenic 

trinucleotide repeat DNA hairpins. Microsatellite DNA have shown intrinsic instability in 

genome from bacteria to yeast and mammals. Mononucleotide repeat and dinucleotide repeats 

are very common in the human genome, and their frameshift behavior is regulated by a number 

of repair machineries including Mismatch Repair. TNR DNA is also capable of small-scale 

insertion and deletion in general. However, when the repeat length reaches a certain threshold, 

especially in humans, expansion frequency and expansion size will worsen severely. Eventually, 

the expanded TNR sequences lead to currently uncurable diseases depending on their repeat 

sequences and genetic locations. It is acknowledged that the unorthodox structures and 

distinctive slippage capability of TNR DNA are essential contributors to genetic instability. I 

used smFRET to resolve the real-time slipping dynamics of TNR hairpins as well as the effects 

of interrupts. I also built a novel MATLAB package to facilitate kinetic and FRET analysis of 

smFRET time-lapse trajectories. Both of my experimental and analytical contributions help gain 

insight of TNR instability mechanisms. 

5.1 TNR hairpin slippage and interruption effect 

In chapter 2 we deciphered the slipping dynamics of (CAG) repeat hairpins as well as 

variants containing interrupts. We discovered triplet slippage patterns in (CAG) repeat hairpins 

that are associated with the parity of repeat number. The parity intrinsically reflects the 

difference of loop structure, which connects these slippage patterns to structural features. During 

(CAG)14 or (CAG)15 slippage, the hairpins populate a tetraloop conformer over 90% of the time, 

showing a dominant stability of tetraloop structure over triloop structure. We also tested the 

repeat length dependence and cation dependence of (CAG) repeat hairpin slippage. Slippage 
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could be detected in the presence of Na or Mg whereas the relative population of slip 

conformations vary with ion strength. Repeat length variation in odd/even repeat number 

slippage preserve fractional population of each slip conformer whereas the average lifetime of all 

slip conformers increased. Lastly, we study how a (CAA) interrupt near the (CAG) repeat hairpin 

loop affects the slipping dynamics. (CAA) interrupts in the (CAG) repeat section of the HTT 

gene are pathogenically important as they delay Huntingtonôs Disease onset. We found that the 

slippage pattern of the (CAG)15 hairpin containing a (CAA) interrupt is redirected in favor of the 

specific conformer that puts (CAA) in the loop region. 

In chapter 3 we compared the slippage dynamics of (CAG), (CTG), (GAC), and (GTC) 

repeat hairpins systematically. We confirm the existence of the triplet slippage in all four of these 

TNR hairpins. Unexpectedly, we observed a FRET value degeneracy of 0 slip and -1 slip 

conformational states in (CTG) repeat and (GTC) repeat hairpins which is absent in (CAG) or 

(GAC) repeat hairpins. We used a different donor labeling site and successfully distinguished the 

degenerate states. Combining findings from an early enzymatic probing study (Amrane et al., 

2005) with our smFRET observations, the degeneracy phenomenon could be explained by a 

folded structure in the 5ô end of (CTG) or (GTC) hairpin. The connections between loop-

dependence and parity were observed on all hairpins. The (CAG), (CTG), and (GTC) repeat 

hairpins favor tetraloop structures whereas (GAC) repeat hairpins favor triloop structures. We 

have quantitated the kinetic rates, transition frequency, and population of slip conformers using 

our development of CK filter, CK edge detection as well as a novel type of hybrid FRET 

histograms. (CWG) repeat hairpins slip predominantly by two triplets while (GWC) repeats 

hairpins prefer to slipping by one triplet. We also investigated the (TTG) interrupt on the (CTG) 

repeat hairpin following the (CAA) interruption study. Interestingly, our results suggest that 
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(CAG) and (CTG) repeat DNA containing interrupts would form a stabilized cruciform by 

rearranging the position of interrupts.     

5.2 smFRET trajectories analysis based on CK filter and edge detection 

In chapter 3 I presented a self-built smFRET kinetic analysis package based on CK filter 

and edge detection. I also demonstrate the implementation of this method and compare the 

results with kinetic rates from other packages based on different algorithms. Participating in a 

global project where labs around the world apply their own kinetic analysis package to the same 

smFRET data and compare results, we verify the reliability of edge detection method by 

sampling the parameter space of edge detection. In the TNR hairpin studies I developed a new 

MATLAB package that helps users optimize the parameters by visualizing the analysis process 

and batch analysis large quantity of FRET data using CK filter and edge detection. Assisted by 

the results from edge detection, I proposed a new approach to generate histograms of FRET 

efficiency with smaller full width at half maximum (FWHM) which shows equal if not better 

effect compared with CK filter smoothing. 

5.3 Future work 

There are many directions to extend from TNR hairpin study using single molecule 

FRET. We did not focus on (CGG) repeat structure, which could adopt either an imperfect 

hairpin or G-quadruplex in the presence of potassium. We could also study TNR hairpins in 

different context such as three-way junction, cruciform, or S-DNA. Furthermore, incorporating 

repair protein machineries such as MMR or DSBR into our TNR DNA studies will be very 

important future extensions, although more complicated. Given the fine structural details that this 

thesis demonstrates are possible using smFRET to study TNR DNA hairpins, smFRET is 

confirmed to provide new perspectives and insights into the TNR DNA phenomena beyond the 
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structural studies that peaked in 1990s. smFRET will be an essential tool as the field explores the 

protein-DNA interactions that are critical to the disease-causing interactions that underly the 

TNR related disorders. 
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