ABSTRACT

XU, PENGNING.Dynamic Slippage of Mutagenic Trinucleotide Repeat DNA Revealed by
Single Molecule FRET(Under the directioof Dr. Keith Weningey.

Trinucleotide Repeat (TNRyequences in DNA represemtlass of microsatellites whose
expansion underlies over 20 human neurodegenerative diseases. Although it is well
acknowledged that secondary structures formed by TNR Bi¢fesponsible for the
expansion/contraction mechanism, the moleadédails rema unknown.We use single
molecule fluorescence resonance energy transtéirdotly resolvedynamicslippingof TNR
DNA hairpinsalong the axis of the hairpin in units of the trinucleatM find that TNR hairpin
of sequenc¢CAG) showed a strikingly @iterned slippage depending on the parity of repeat
number.We extencbur research to other TNirpins which all show slippage based on a
triplet-nucleotide stegdowever, the slippage pattern varies with the sequence composition of
TNR hairpins. We fid that (CWG) hairpins had a higher probability of {tfiplet steps than
(GWC) hairpins, indicating that the energy differencéhe loop at the turn of the hairpm
smaller in (GWC) hairpins than in (CWG) hairpimeflecting fundamental energy diffeiees
between triloops and tetraloop®e also find that while CAG, CTG, and GTC TNR hairpins
favor tetraloop over triloop structisehereas<GAC TNR hairpins favor the opposité/e also
describe advances in a Chuiignnedy step finding analysis algorithhat allowed the kinetic

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

1.1 Biologicalsignificance of Trinucleotide Repeat{ TNR)
Microsatellite DNAregions are short segments of repetitive DNA. Microsatellite NA
an unstableeomponent inhe human genomas it can grow and shrink has been estimated
that mutation ratesf mononucleotide repesatalso known as homopolymers, and microsatellite
(10° per cell division) arerders of magnitudkigher tharthat ofbase substitution and small
insertion/deletiorerrors(10° per cell dvision)in yeastC. elegansand humairLynch et al.,
2008) The most common mutation in mononucleotide repadtvidely studied GT)
dinucleotide repeat is single unit charfgienderson & Petes, 1992; Streisinger &e&h, 1985)
Trinucleotide Repeats (TNRs) are a subset of tandem repeats in the human genome where
a triplet of nucleotideis repeated up to 30 times and m{Edegren, 2004; Khristich & Mirkin,
2020) In the 1990sTNR DNA sequences wereeported to belinically related taspinal and
bulbar muscular atrophy (SBMA), fragile X syndrome, and myotonic dystropkly,(@here the
number of the repeat®uldchangedramaticallyi n an expected trend duri-r
lifetimeoraco ss gener ations of repeat capb(Caskey,s, al sc
Pizzuti, Fu, Fenwick Jr, & Nelson, 1992; Sutherland et al., 1991; Warren,.1996)
Both large expansion and deletion(6fTG) repeain a DNA plasmidwere demonstrated
to occur inE. colidepending on the cddtrain, wherdCTG-CAG) repeatexpand most
frequently followed by (CGG-CCG) and (GTC-GAC) repgdaworski et al., 1995; Ohshima,
Kang, & Wells, 1996)Factors that affect the TNR stability i coliare repeat length,
interruption, TNR orienta&n to the replication origin, host strains, TNR location, and copy

number of the host vectdn E. coliand yeastlarge(CTG) repeat deletion occurs frequently in



thelagging strand whilexpansionalthough more rarés observed more oftein theoppaite
orientation with longer tractsncreasing thérequency of instabilitfFreudenreich, Stavenhagen,
& Zakian, 1997; Kang, Jaworski, Ohshima, & Wells, 1995; Maurer, O'Callaghan, & Livingston,
1996) Selective genetic assaguantitate the expansion rate in yeast of (GE@)be ~1& per

cell division in leading strand and <i@er cell division in lagging strand whereas the overall
contraction rate of (CTG)is ~10° per cell division(Juan José Miret, PessBaand&o, & Lahue,
1998) It was found in the same studyatheast meiosis does not contribute to (C&G)
expansionSimilarly, longer(CGG) repeaDNA is found to benoreunstable (mostly deletion)

in thelagging strandbut has a better chance of expansioth@leading strandbothin E. coliand
yeast(Balakumaran, Freudenreich, & Zakian, 2000; Shimizu, GelliboGarstra, & Wells,

1996; White, Borts, & Hirst, 1999)

An earlystudy in transgenic mice shedthat nseation of (CTG)s DNA from a DM1
patient resutdin intergenerational and somatic instabilityostlysmall neto six repeat)
expansios, in 7% of transgenic descendaf@ourdon et al., 1997Anothercontemporangtudy
showedthepaternal transmission of around 160 (CTG) repehtimanDMPK geneleads to
small expansion, mostly one or two repedtjle maternal expansion leads to small defetip
to seven repegMonckton, Coolbaugh, Ashizawa, Siciliano, & Caskey, 19%9wever, a
follow-up study of intergenerational instability induced by >300 (CTG) repleat®nstrated
that both paternal and maternal transmission favor intergenerational expansion while paternal
transmission shows slightly larger changes in &&aznec et al., 2000%imilar intergenerational
and somatic instabilitwere observed in transgenic mice containing (CAG)~150repeat from
HTT geneexceptfemale transmission of (CAG) repeat inserts favors contraction while male

transmission favors expansi@dangiarini et al., 1997)Surprisingly, (CAG) repeat indtdity in



mutantHTT gene is opposite in male (predominantly expansion) and female (predominantly
contraction) from identical fathers whereas offspring geddes not influencthe (CTG)repeat
instability in mutanDMPK gene(Kovtun, Therneau, & McMurray, 2000; Savouret et al., 2003)
Another interesting comparison is thaisperm cells(CAG) repeatxpansiorin HD sperm cells
occur at postmeiotic stage wh{leTG) repeat expansias produced at the beginning of
spermatogenesis and finegbefore meiosisGenerally, repeat lengtmd age correlate

positively with TNRinstability in bothsomatic and intergenerational instabilipangiarini 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 dis@dsebroadly
accepted view is thaepeat number in most TNR diseasagositively correlated with the
severity of the diseases while negatively correlated with the age of imisedstingly, &most 30
years agotiwas reported that (AGGhterruptionof (CGG) repeat iFMR1genecould déay or
prevent onsedf Fragile X syndrom¢Eichler et al., 1994)Two recent studies observed a similar
patternnHu nt i ngt on 6 svhekein anintersupted CA@rgpeat lengtitHTT gene
instead of polyglutamine length determines the HD qmgetn that both (CAG) anidterrupt

sequence (CAA) are translated into glutan{iheM. Lee et al., 2019; Wright et al., 2019)

1.2Unorthodox structure sof TNR DNA
It is now clear that unusual structures of TNR DNA are essentiablethe repeat
instability (McMurray, 1999; Sinden et al., 200&8tudesfrom past years havmplicateda list

of relevant structures: hairpins;@bladuplex, and tripleXMitas, 1997)
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Figure 1.1 TNR unorthodox structures and genomic scenafibk DNA could adopt other
structures besides canonical Wat&intk duplex. (GNC) and (CAG) repeat could form
imperfect hairpins, (GAA) repeat could form triptexand (CGG) could form Gdther than
hairpin. TNR hairpins are discussed in different scenarios. A free end is included in a single
strand flap. Threevay junction, cruciform, and slipped DNA contain anchored hairpins

depending on their locations.

1.2.1 TNRhairpins
A DNA hairpin is a single strandNA moleculecontaining seicomplementary

sequences whidnduces the single strand DNA to fold into a hairgike structure Evidence for
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DNA hairpins was first discovered through DNA meltiiglarky, Blumenfeld, Kozlowski, &

Breslauer, 1983)he base paired regiai the hairpinisdenotedas he &ést emd wher eas
region connecting the two compl emkisikn@wny pi ece
that single strand DNA hairpsrtanshow open/close dynamics depending on the loop structure
(Bonnet, Krichevsky, & Libchaber, 1998; Tsukanov, Tomov, Berger, Liber, & Nir, 2013;

Tsukanov, Tomov, Masoud, et al., 201B)seaseassociated TNR DNA was first demonstrated

to be capable of foring imperfecthairpins in 1993ollowed by a series of DNA melting, NMR,
electrophoresis and other anay&Chen et al., 1995; Darlow & Leach, 1998a; Gacy, Goellner,
Jurani I, Macura, & McMurray, 1995; Mtiuska,s et a
Arnheim, & Goodman, 1996; Santhana Mariappan, Garcia, & Gupta, I886¥ters of CAG,

CTG, and CGG repeat hpins uniquely consist of G base pairs interspersed betweeA Al -

T or GG mismatches, which thermodynamically frustrtéie structural stability compared with

that of fully complementary hairpirf®an, Man, Roland, & Sagui, 201Qbservation of meiotic
segregation patterns in yeast supports that (GiN@5at was poorly correctenh vivo by

forming hairpin structure@Voore, Greenwell, Liu, Arnheim, & Petes, 199B)e to the

repetitive nature of TNR hairpinstrandmisalignmenin triplet units (translation along the axis

of the DNA duplex by steps of 3 bas@s)l maintain thestem structureSuch dynamic

movementis denoted &t r a n d (kelvinsgn@&&ygtream, 1987b; Streisinger et al., 1966)

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

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

(Darlow & Leach, 1995; Ji et al., 1996; Richards & Sutherland, 1994; Sinden & Wells, £992)

is worth mentioing that a handful of earlgtudesshowedthat changing loop structure during

TNR hairpin slippagealso reflected in the parity of repeat numf{@ren vs. odd number of total



repeats)will affect the slippage kinetidDarlow & Leach, 1995; Hartenstine, Goodman, &

Petruska, 2000; Jetruska, Hartenstine, & Goodman, 1998)

TNR hairpin fold . S L
NG GAGGAGGAG
Called a “IGop 3

Called a “stem”

—— CAG — CAG — CAG — CAG — CAG — CAG —»
Before slippage
<— GTC — GTC — GTC — GTC — GTC — GTC —

Strand slippage o
1

[
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Figure 1.2 Hairpin formation and strand slippage of (CAG) refd@A. Some TNR single

strand DNA can form imperfect hairpin such as (CAG) and (CTG) reidemt. r pi n 6st emb6 |
regioncontaining@& base pairing interspersed by ALA mi
regionwhere ssDNA is benTNR DNA can also slip in tplet 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 discusseaamtextsof athreeway junction (3WJ), aslipped

DNA (S-DNA), acruciform, oraflap (shown in Fig. 2)Whenonly onehairpin forms on one



side of a double helixhe structure is called threeway junction 8WJ). For a DNA 3WJ with

fully complementary basethe bases next to the junction remain unpaired, creatingean o

cavity in the 3WJ junction centéBabir et al., 2012)urthermore, if the branch point of the

DNA 3WJ is GC rich, including (CAG)s repeat 3WJ, at least two interconvertible
conformations of DNA 3WJ were observiggng et al., 2011; Toulmin et al., 201DAG/CTG
repeat 3WJ could adopt three categories of conformations depending on the number of unpaired
bases in the branchpoint where protein (HMGB1, bactetialt S, and human Mut SU
binding affinity and repair efficiency are affected by the junction conformé8tean et al.,

2013) For aCAG repeat 3Wdhatconsiss of one CAGrepeatbranch and two CAG/CTG
duplexbranchesit has beesuggested that the CAG repbsanchcould forma stemloop
hairpinwhentherepeat number is 10 or high@rcouldform an open bulgghentherepeat

number is 8 or lowefN. N. Degtyareva, Barber, Reddish, & Petty, 2011; Natalya N Degtyareva,
Barber, Sengupta, & Petty, 2010; Volker, Klump, & Breslauer, 2007; Volle, Jarena)aa&y,

2012) Interestingly, a single strand (CA§3)ould form a stertoop hairpin(Natalya N

Degtyareva, Reddish, Sengupta, & Petty, 20003 TNR 3WJ] the position of th&NR hairpin

can shiftby tripletunits along the duplex without changing the branch composiiowever,

the preference in thpositioningof hairpin branch is affected by the flanking r@peat duplex

or nucleotide lesio (8-oxodG orabasic site analogué the loop(Volker, Plum, Gindikin, &
Breslauer, 2019olle et al., 2012)Recentstudiessuggest that the CA€&peatbranchcan

freely migrateas either a hairpin or an opkbalgearound the dupleiHu, Morten, & Magennis,
2021; Volker, Gindikin, Klump, Plum, & Breslauer, 201®yhen hairpins form on both sislef

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

slipped DNA (S DNA) if not. Strand slippagbehaviordiffer from specific hairpirstructures.



Although palindromic DNAIs able tdorm a cruciformstructure directhfrom a duplexstructure
by dynamicextrusionin the palindrome centeFNR DNA can onlyform cruciformwhen the
duplexDNA containing TNR sequendg unwound and reannealbdcause mismatchesthe
hairpinblock direct extrusior(Murchie & Lilley, 1987; Panyutin & Hsieh, 1993)NR S-DNA
formation couldresult from the cruciform structure lejtherthe u n wandr ¢ a n madel bro6
thed br anc h moda Pearsoretaliirét obtained SDNA containing CAG/CTG repeat
in vitro through alkaline denaturation and renaturafid@ason & Sinden, 1996} ater SDNA
structures botim vitro andin vivowereresolved through electron microscayford et al.,
2013; Pearson et al., 2002) TNR flap can occuwhen a piece of singtrandTNR DNA is
nicked and unwinds from the duplex ahénreannea into a hairpin, leaving one free end in
the hairpin stemA TNR expansio model based oftap was first proposed in 199Gordenin,
Kunkel, & Resnick, 1997DNA flaps enable free single triplet slippage by straiimhssociation
and reassociatioinom the free endwhich resemble the hairpin construsedin our SmMFRET
experiments
1.2.20ther structures

Triplex DNA, also named HDNA, was proposed as an alternati’A structure as a
universal model in contrast tbe double hetial structure from Watson and Criédthough the
proposal turned out to be wrorthe DNA triplex was found texistwhena third strand binsito
a B-form DNA duplexthrough a Hoogsteen or reverse Hoogsteen baséHadsenfeld, Davies,
& Rich, 1957; Hoogsteen, 1963)ater it was discovered that (GAA)-(TTCpuld forma DNA
triplex structuresmFRET observatioand molecular dynamics simulatioh(GAA) triplex
foundboth(GAA) and (TTC)repeatDNA binds to dupleXDNA in theparallelorientation(l. B.

Lee, Lee, Lee, & Hong, 2012; Zhang, Fakharzadeh, Pan, Roland, & Sagui, 2020)



G-quaduplex (G4) is a norcanonicaffour-strandechucleic acid structureormedin
guaninerich sequencéhrough Hoogsteehydrogen bonddMonovalent ioms, especially
potassium and sodium, stabilize the stacking b&é8. G-quadruplex was first repad in
1988(Sen & Gilbert, 1988)G-quadrupleXDNA has beewisualizedin vivo using binding
specific anbodiesand small molecule@@iffi, Tannahill, McCafferty, & Balasubramanian,
2013; Murat & Balasubramanian, 20143-quadruplers ardound abundantlyn telomers
(TTAGGG),pr o mot e 1USR oagertesThe§ often cainterfere with transcription
regulation telomeric integrity and genomic stability has been shivan that RNAG-quadruplex
structures are more stable than their DNA countergartaore focus iplaced onto study of
RNA G-quadruplexat the current timéBugaut & Balasubramanian, 201Pathogenicepeat
sequencesuch as (GGGGCAnd(GGCCTG) were reported to form G4 DNA/RNA structure
(Brlil & Plavec, 2016; Hirayanag.iEarlyshdieski , Tsu
reporedthat (CGG)epeatDNA couldform a G-quadruplexn the presence of potassium or
alternatively forminto ahairpinin the absence gfotassium(Darlow & Leach, 1998b; Fry &
Loeb, 1994; Kettani, Kumar, & Patel, 1995; Usdin & Woodford, 1998 structural
preference ofCGG) repeaRNA is still a topic of debatéout the general consensgghat
repeat number and presence of monovalerstaéfiects thetendency to alternatively forimairpin
or G-quadruplexstructures (Malgowska et al., 2014; Murase, Nagatsugi, & Sasaki, 2022;

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

1.3Molecular models of TNRhairpin formation and incorporation
The mechanisrby whichunusual TNR structulegive rise to genetic instabilitguring

DNA replication,repair,and recombinatiomvolves a variety oproteinnucleic interactions



The formation and incorporation of TNR loops originate from independent pathivapsgenic
mice studies imply at least two distinctif@@AG)/(CTG)reped expansion modes: one is the
subtle change of intergeneratiocahtraction in maternal transmissjane other iSMIMR -
dependentMutSb t o b erepsaexpansidn irbothgerm cells andomatic cellsHere we
focus on the role of DNA mismatch repairTNR instability.

1.3.1Role of DNA mismatch repair in TNR instability

Mismatchrepair (MMR) machinerys responsible for correicty over 90%of errors
during DNA replicatiorincludingslipped repeatf_ynch et al., 2008)Early studiesoundthat
inhibition of MMR genes increases themutationfrequencyof inserted (GT) dinucleotide repeat
mostly by asingle repeat changBy over 13fold in E. coliand40- to 700fold in yeast
(Levinson & Gutman, 1987a; Strand, Earl€youse, & Petes, 1995; Strand, Prolla, Liskay, &
Petes, 1993)nhibition of msh2gene in yeast increasthe frameshift mutation rate of 9 to 14
poly-A mononucleotide repeat by 17408ld to 510006fold (Tran, Keen, Kricker, Resck, &
Gordenin, 1997)Unsurprisingly, onnection between MMR and TNR related instability has
been established from vitro biochemical characterization ito vivo genetic assessment of
model systems including. coli, yeast, transgenic mice, andlaallture(lyer, Pluciennik,
Napierala, & Wells, 2015; Richard, 2021)

(CTG) repeatontainingplasmids in MMR -efficient E. coli suffer deletiomrmore
frequentlyandwith largersizes than other species stud{daworski et al., 1995Despite
observation ofargescaleMMR-independent (CTGNd (CGGYepeainstability in yeast(Juan
Jose Miret, PesseBrandao, & Lahue, 1997; Juan José Miret et al., 1998; White et al.,, 1999)
was reported that mutation pinslandmsh2genesntroduces smalscale contraction and

addition mostly one repeat chandgegm (CTG) repeatractin yeast(Schweitzer & Livingston,

10



1997) These observations imply that MMR is more efficient in recognizing TNR instability of
one or a fewepeatavhereas changes of oviere repeas are likely toescape repair.

Cell culturestudy shows thanutation othMLH1 andhMSH2genes do not elevate the
instability of (CTG) and (CGG) to the pathogenic levels in HTC116 and LoVo cell lines
(Kramer, Pearson, & Sinden, 1998) HeLa cells, Mut8lis six-fold excess over the MubSand
most of the MSH2 present is found in the Mut&terodimeXDrummond, 1999)

In a transgenic mouse study of inserted (CAG) repeat, ~110 in tepgatrom HTT
gene, mutation aihsh2genesignificantly reducethe (CAG) tract expansidout show no
detectable effect ocontractionin all tissuesncluding somatic cells and sperm cékovtun &
McMurray, 2001; Manley, Shirley, Flaherty, & Messer, 1999)other study sedHdh gene
knockin mice by targeted insertion of (CAGD9 repeat from humanD gene inb the mice
homolog geneHdh and showed thahsh2deficiency lowes theexpansion rate but increasthe
contraction rate in paternal transmiss{@vheeler et al., 2003Although nutation ofmsh2gene
doesnot change thsomatic and intergenerational instabiliiteof (CTG) repeat, ~340 repeat
long, in the DMPK gene asignificant reduction oExpansiorevens in both somatic cells and
spermcellswasobservedSavouret et al., 2003; Savouret et al., 2004 ATPase domain of
Msh2 is required for (CTG) repeat expansioDMPK gene, indicating bothairpinbinding and
hydrolysis activity ® Msh2are involved in the expansion procéEeme et al., 2009An
inspiringtransgenic mice study ¢€TG)y instabilityin DMPK gene repeatshowedfor thefirst
in time that Msh3 deficiency results in the absenaepéatsomatic instability, both contraction
and expansion, while Msh6 deficiency resultsnoreexpansiorevents particularly in liverand
stomach(van den Broek et al., 2002h contrastanother study shosdlargesomatic expansion

of over 300 (CTG) repeat the DMPK genewas preserved in the absence of M@hd@iry et al.,

11



2006) From the same study tir@ergeneration expansion of over 300 (CTG) repiedie
DMPK gene was shifted towards contraction in both maternal and paternal transmission of
Msh3/- mice but only maternal transmission of Mshénice. Studies of gene knoek mice by
inserting (CAG)os from humarHD gene intahe murine homolog genéjdh, showedthat both
Msh2 and Msh3 are involved in striatal expansion whereas only paternal transmission is
impactecby MMR, where Mut®) pr ot ect s agai n Playsanmjortroleénct i on a
expansion(Dragileva et al., 2009; Wheeler et al., 2008pfar, the consensustsh at Mut Sb
(Msh2/Msh3) is involved iintergenerational ansbmatic expansioof TNR repeatvhereaghe
role ofMu t @Sh2/Mshe)is still in debate

In vitro studies have demonstratieidgh human MSH2 binihg affinity to (CAG)-(CTG)
repeat secondary structu@earson, Ewel, Acharya, Fishel, & Sinden, 1987Mecent study
showed t hat huma nnicksthel covalantyl clesedDNA dbataid@doopor
(CTG)s/(CAG): hetroduplexepromoted by the presence of MutS, suggesting the role of both
MutLoand MuS b i n T NR(Kadyrgva, Ggar, Burdett, Modrich, & Kadyrov, 2020)
1.3.2 Other relatedmachineries in TNR instability

Locations inclined to formapsor breaksn condensed human chromosomes, especially
when tissue culture cells are exposed to reagents that slow replication or bind DNA, are named
fragile sitesThere aremultiple pathwaydor repair of Double Strand BreakDSB) such as
Single Strand Annealin¢SSA), which is erroiprone, andhomologous recombination (HR).
Typical proteingn yeastthat arenvolved in DSB repair arRad52,Rad51,Rad50, Rad27
(mammalian homolog is FEN1, fleendonuclease), and Radlhndmark stuigsshowedthat
mutation oftherad27genein yeast(also called rth1l)which is involved in processind\gnds of

Okazaki fragment, iucesthelength-dependentarge (CTG) repeatxpansionn leading strand
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(Freucenreich, Kantrow, & Zakian, 1998; Schweitzer & Livingston, 1998 expansion effect
was not observed imlhl, rev3(repair polymerasejadl, rad 50 rad51or rad52 mutants.
Mutation ofrad27 gene also increases frequenc{©GG) repeaéxpansionn yeastwhereas
exol, anddin7 genes do not contribute t¢CGG)repeatinstability (White et al., 1999)
Recombination in (CGGgois 10Gfold to 20Gfold more frequent inhiat ofwild typeand

involvesradl, rad 50 andrad52genes (Balakumaran et al., 2000)

1.4 Overview ofsingle-moleculeFoérster Resonance Energy Transfer (SmFRET)
1.4.1 Forster Resonance Energy Transfer (FRET)

Forster resonance energy transfer (FRET) is a powerful tool for measuring distance
between 2 and 80 A which is in the range of conformational disttibns andthermally
drivenmovemens of macromoleculeéStryer & Haugland, 1967FRET measuremestypically
require two fluorescent molecules (donor and acceptor) where the emission spectrum of donor
molecule @erlaps with the excitation spectrum of the acceptor molecule. Energy transfer occurs
through a neafield, dipole-dipole interaction between the donor and acceptor. The rate of

energy transfer for a donor and acceptor separated by a disiargieen by(Lakowicz, 2006)

3 0 I T momg m
Qi - 01-117Q
Ti pqgpoe P

where0 is the quantum yield of donor in the absence of accapisthe refractive index of

the mediumNi s Av o g a d rtoiéthe cimatactdrisic lifetime of the dormer seandr

is the distance between the donor and accej@ot. is the corrected fluorescence intensity of
the donor in the wavelength rangéol 3 lafter normalization of total fluorescence intensity.

- 1 is the extinction coefficient of the acceptodafThe ermll describeshe relative
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orientation of tharansition dipolebetweerthe donor and acceptor. Whene ofthedonor
dipolesor donoracceptor are free to rotatepidly in space)l equal to 2/3y averaging of the
random orientation
The efficiency of energy transfeE)is defined ashe fraction of photons absorbed by the

donor which are transferred to the acceptor. This fraction is @wen

o~ Qi

Ol o1 P&
whichis the ratio of the transfer rate to the total decay rate of the donor in the presence of

acceptorTheForsterradius’Y is defined aghe distance where transfer efficiency E equals

50%. Combining (1.1) and (1.2) wave

Ol — P&

P v
For most dyes use in single molecule FRET workFweser radiusis typically in the range of
40 to 60 A. 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

nanosecondshe energy transfer from donor to accepgarn that timescale, or fastéinder
continuous laser illuminatiowith sufficient intensity thefrequencyof excitation eventand
subsegnent FREIB high enough to estimate the raderived energy transfer efficiency based on
detecteghotonnumberof donor and acceptor emisssiiherefore we can calculate the

transfer efficiencyexperimentallypbased on intensities of donor emission and accepigssion

O

O
O 0

p8
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However,to obtain true transfer efficiency, one must takeeoexperimental factors into

account such aweleakage of donor emission into the acceptor chatimetietection efficiency

in donor and acceptor channalsdthe quantum yield othefluorescent dye@McCann, Choi,
Zheng, Weninger, & Bowen, 201@nce we acquire true transfer efficiency, we couldutate

the distance betweatonor and acceptor basedtbe’Y value.The'Y value depends on the
choice of FRET paird-or example, the¥ for Cy3 and Cy5 pair as well as Alexa 555 and Alexa
647 pair are botaround5 nm. In this project we use Cy3 and Atto647N as our FRET fpair,
which the Forster radiuss 5.1 nm(Le Reste, Hohlbein, Gryte, & Kapanidis, 201@ the other
hand if we use the same donor and acceptor dyegsanvell as the same optical setup,can
compareCefrom different FRET experiments to understanddbalitative relativalistance

differences without knowing thectualdistance values.
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Figure 1.3 Forster resonance energy transfer (FRET). Lafigb shows the distancependen
donor/acceptor emission intensétiynanometer scateparations between the fluorophores
Brighter donor signal (blue) indicates long distances while brighter acceptor signal (red)
indicates short distanceRight panelliustrates that thERET efficiencycanbe calculated from

donor and acceptor intensity, which follows the distance function and asiieplayed

1.42 Single-moleculefluorescencamicroscopy

Early studiesletected DNA hairpin dynami@scluding opening and closirthrough the
use ofbulk fluorescencdluctuations from fluorescence energy transfer or fluorescence
correlation spectroscofBonnet et al., 19985 ome of thelrawbacks of ensemble
measurements includiack of sensitivity tdheterogeneous behavsoor rare events after

averaging signals of numerous moleculdse single molecule approach that allowsalving
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conformational changes of individual molecules or interactions between two moleasiles
provento be of great value in molecular biologudies(Ha, 2001)

There are severatquirementso achieve singlenolecule resolution ifluorescence
microscopy First, in wide-field imaging of immobilized moleculesach emission signal from
individual moleculs must be sufficienthspatiallyseparated from one anotheravoid detecting
multiple overlapping signaldNe dilutedour biotirylated DNA sample to ~10 picomolar
concentration and allothem tofreely diffuse ina constructed chanhe\ fraction of the
moleculesbecomesmmobilizedon the glass or quartz surébhrough biotinstreptavidin
interaction A useful surface density of immobilized molecules barestablished after five
minutesby adjustinghe sample concentratiolt.is a best practice to ensuteat the DNA
molecules arat leas0 ¢ m a wa y h dtherdMa usedaatOx water lens (N. A. = 1.20) so
the diffraction limit for Cyp emission(670nm peak)whichis around280 nm does not bring
concersto our experimentbecause with this separation, we integrate all the emitted light from
these diffraction limited spats

Second, fluorescence intensity from individual molecules must be high enologh to
extracted from the background and noise by EMCCD or CMOS cameraslrietnal
Reflection Fluorescent Microscopy (TIRFM) wiast introducednto cellular imaging by
Edmund Jack Ambroda 1961 and promotelly Daniel Axelrodn 1980s(Ambrose, 1961;
Stout & Axelrod, 1989)The evanescent field limits thedirectional penetratiodepthto around
200 nm, thus dmances the sign#éb-noise ratidby reducing fluorescence from contaminants or
moleculesan solution further away from the boundary than this distahbere are two
approaches to implement TIRFM, ongrsmbased, the other is objectitbasedWe usech

self-built prismbased microscope famn vitro single molecule imaging.
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Figure 14 Total Internal Reflection Fluorescent Microscopy (TIRFMgft panel shows the

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

usinga dichroic filter. The donor and acceptor signals are captured in segarstes or one

camera through a duglew system. The imaging sample are injected 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 trinucleotidenterrupts

2.1 Summary
We studied CAG) TNR hairpin slippagas a function ofhe repeat number as well as
(CAA) interrupt insertion. The article was publishedNatleic Acids Researdh 2020. Oxford
University Press was the publisher and preserves the copynights study, Pengning Xu and
Keith Weningerdesigned the experiment and carried out the data analysis. Feng Pan, Cristopher
Roland, and Celeste Sagui performedati@tomMolecular Dynamics (MDfomputation. All
authors contributed to interpretation and manuscript prepardtienpaper is attached in section
2.2 and supplemental informationgaction 2.3Here, | will briefly summarize the results in this
paper.
Trinucledide repeats are associated with over 30 human diseases wherein (CAG) repeat
inHDgeneinduce ns et of Hu n whenthe repeaturmberdsi ogee3d.{GAG)
repeats show genetic instabilishich is positively correlated with repeat lengthis well
acknowledged that (CAG) repeat DNA forms imperfect hairginsugh strand slippaghat
interfere with genetic instability. Here we use siAglelecule FRET t@bserve the dynamic
slippage of (CAG) repeat hairpinBhe constructed DNA hairpincontas a f rhe 3B® end
endof the hairpinis connected to a2bpduplexfor surface immobilization. We could resolve
the strand slippage from the FRET signal chan
focused ortwo (CAG) hairpins whose repeaumber are 14 and 15he buffer conditionn 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 calibrdtthe step size using hairpin varigmthere three nucleotides
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were inserted between the FRET pahie (CAG) repeat hairpins slip by a multiple of (CAG)
triplets where 3nucleotide and-®ucleotide steps occur the most.

Second, we reported the pardgpendent slippage pattern in (CAG) repeaigins.
(CAG)14 mostly forms a fullypbasepairedduplexand occasionally has the stem slipped by two
triplets, yielding a short ssDNA segment at an.dndcontrast(CAG)is slips forward or
backward by one trinucleotid&his discrepancy in even/odd repeat nundb@pageis attributed
to theloop structures of hairpins. Simulation of (CAG) repeat hairpin loops using Molecular
Dynamics (MD) revealsMpGCA-3Ngtraloop is moe stable than theNigAG-3Nyiloop, which
in turn influences thetrandalignment of the sterhrough slippage. We also found that the
relative population of each slipped conformer in even/odd repeat ar¢ lespgth independent,
which suggest than strtural variance of the hairpin loop is the main factadetermining the
fraction ofequilibrium statesAlthough the populational distribution is independent of repeat
length, the average lifetime of consecutive state becomes longer as repeat nunderFgsow
could be explained blyigher energy barrier for slippage due to more base pairing in the hairpin
stem.When we tested the hairpin in the presence of 10mMIMdhe FRET states became
indistinguishable becauskvalent ions compact the DNA backbamere the monovalent ions.
Recently weconfirmedthe existence of (CAG) hairpin slippage in the presence dbyig
switching the donor labeling sitenic strength alsinfluences the population of slip
conformers.

Lastly, we investigate the effects of (BA (CAC), (CAT), and (AAA) interrup on
hairpin slippage. (CAAinterruption hasliseasemplications as recent studies show that it is

(CAG) repeat |l ength instead of polyglutamine
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onsetsmFRET data suggesthat all the interrupts modify the original (CA&3lippage 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 andrinucleotide interrupts

Availableonline athttps://academic.oup.com/nar/article/48/5/2232/571566@ Appendix.

2.3 Supplementary Content

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

dataor 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 ve systematically compareslippagedynamicsof (CAG), (CTG), (GAC),
(GTC)repeathairpins and discussed about the interruption interference in (CAG)-(CTG) repeat
cruciform Themanuscripwill be submittedfor publicationin 2022. In this study, Pengning Xu
and Keith Weninger designed the experiment and carried out the data adaisisZzhang,
Feng Pan, Cristopher Roland, and Celeste Sagui performed-#teralMolecular Dynamics
(MD) computation. All authors contributed tatérpretation and manuscript preparatithe
manuscripis attached in sectiohi2 and supplemental informationnmanuscriptHere, | will
briefly summarize the results in this paper.

TNR DNA is genetically unstable in both eukaryotes and prokaryetgsh require
different repair machinery to maintain the replication fidelity. Beside the univerfgahBstructure,
TNR DNA adops other unorthodox structures such as imperfect hairpins, triplex;qua@ruplex
depending on the repeat sequence. (CAG)QTGTC), and (GAC) repeat share a similar hairpin
structure where (CG-CG) Wast@rick base pairs are interspersed by or A-A mismatchesThe
connection between TNR hairpins and genetic instability has been widely studied. We use single
molecule FRETand novel data analysis approach base@GltmmgKennedy CK) filter and edge
detectionto systematically unravel the slipping dynamics of (CAG), (CTG), (GAC), and (GTC)
hairpinsseparated by even/odd repeat lengtie hairpin design followthe previous(CAG) repeat
studyin chapter 2

The most general observation is ttiee SMFRET timérajectories display dynamic

transitions in alhairpin measurementahich areconsistent withstrand slippagef eithersingle
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or multiple triple stepsThe loop structure of the hairpins decisively influences the slipping
patternsinterestingly, (CAG), (CTG), (GTC) repeat hairpins prefer tetraloop configurations
while (GAC) repeat hairpingvor triloop configurations. épulationwise, (GWC) hairpins,
where the W in (GWC) (or later {CWG)) stands foeither (GAC) or (GTC) repegtaremore
tolerant of the less favored loop configuratthan (CWG) hairpings assessdwy their more
evenlypopulated occupancied both bop configurations.

Unlike (CAG) or (GAC) repeat hairpins, tvad theslip conformations in (CTizand
(GTC) repeat hairpinBave very close FRET efficieles when using our acceptor attached to the
5Ngnd of the hairpin DNAmaking it very difficult to quatitate the population of either
conformation. We attribute this phenomenon to the structural complexity at thé\fres &
hairpins. It is possible for (CTG) or (GTC) hairpins to form a snidjJIGCT-3Njulge in the Bl
end. To separathese two poputionsin our measuremesitwe movel the acceptor labeling site
to thefifth nucleotide upstream of thé\gndby including an amina@T base. Thisocation
makesthe donofacceptor distance variation insensitive toghwll bulge at the end of the
strand.Using this internal hairpin label site, waccessfully distinguigidthe two populations. It
is importantto mention that the internal labeling slightlijangeghe distribution of populations
presumably due to the impacts on free energy due to theioatidifi disturbing the internal
strand.

We usal CK filter and edge detectidin quantitatestate transitions and dedube kinetic
information includingransition frguency transition ratesand conformer population. Please
refer to section 4.3.2 for analysis deta8sioothing of 10ms frame rate tracssabled us to
betterfind the center oéach peak in the FRET efficiency histograms, which leads to one

correction to previous (CAG) repeatidy. The low FRET state of (CAg)is actually +2 slip

23



instead of +3 step. | also proposed an alternative approach to achieve similar smoothmg effect
of FRET efficiency histogramsvhichisc al | e d ¢ hhyibsrti odm tih@RolsWng text
Ourkinetic characterizations allow us to conclude #@#VG) hairpins take double triplet steps
more often than single triplet steps.

Finally, we alscexaminedhe (TTG) interrupt effect in (CTG) repeat hairparsd find
that (TTG) interrupt tends to slip towartihe loop region of hairpirCombined with the (CAA)
interrupt effect in (CAG) repeatrand we propose that when twoterruptcontaininghairpins
form from (CAA)-(TTG) interruped (CAG)-(CTG) repeat duplex, a stabilized structcoeld
form asa crucifam with two arms opposite to each otkéth the interrupts positioned in the
most stable loop positigavhich could ittiate repair processsthat specifically targetsraciform

structures.

24



3.2Frustration between preferred states of complementary trinutzotide repeat DNA

hairpins correlates with expansion disease propensity
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Abstract

Trinucleotide repeat (TNR) DNAeqguences are present throughout the human genome. In some cases,
they are unstable and can | engthen, resulting in
disease, fragile X syndrome and myotonic dystrophy. The mechanisms causing these exganaions
unknown, although the tendency of TNR ssDNA to-agHociate 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 determim&armational 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 tptcaloformations. 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 stctures that could form when TN&dntaining duplex DNA opens. If

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

the hairpins from a GACAGTC duplex woulwouldhave u
i ntroduce mechanical st r esanowical hdirpirussuctares thatawauld ben t
absent in the structures resulting frAGATG. Given the biological observation that the CAG and

CTG TNR can undergo large, diseastated expnsion 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.

nm
he
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Introduction

Many genes contain simpieotifs of 212 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 thermmen of these

repeated motifs. The connections between such expansions and disease phenotype are clearly established,
and the ilinesses are believed to result directly from RNA and/or protein products of the genes (although
more general stress responass sometimes implicated). However, the fundamental mechanisms

controlling the problematic expansion of the repeat within the genome remain unkmudwemen the fact

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

Common models of SSR expansioausing phenomena focus on the+eanonical configurations that
can form in these repetitive DNA sequences during replication, transcription, or repair. The transient
unwinding of duplexes of these repeated tracks can aflewgg¢parated TNRontaining strands to form
many structures including hairpins, cruciform and@druplexe$li 9). 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 mechanis(@s 10 14). The repetitive nature of the sequences naturally
promotes slipping TNR haimps in integer multiples of the threeicleotide unit. The existence of TNR
hairpin slipping has been deduced by indirect observation by several methodsssamglenuclease
susceptibility, polymeraskased extension, and chemical probing of exposedh@sd.3 16). In

addition, protruding hairpins have been observed to migrate along a DNA dig)ex7, 18) Despite
extensive studies of TNR hairpin slipping phenomena, the connection of these dynamic behaviors to
expansion mechanisms in a cell @iitremains elusive.

In previous work(8, 19) we developed single molecule FRET (smFRET) assays and a molecular
dynamics framework to measure stabilities of various sligethd hairpins formed from CAG repeats,
which are i nvol sask. Toaddrébs how dymamit toansiens aimbng 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 inghe cod
strand. The CAJGROFtNFRyene PRP2R2B causé spinocerebellar ataxia type 12
(SCA12), while CAG repeats in the exon part of various genes cause other nimesktigorogressive
neurodegenerati ve di sor de(HB),deniatorablghaltidoluygjan &trephy i ngt on
(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)
(20i 23). The GAC ad GTC sequences are interesting as they are much less problematic from a disease
standpoint. A change in the normal (GAC)5 sequence in the biy+1 or +2 TNR units are associated

with skeletal dysplasié24, 25)but GAC and GTC do not appear to urgtethe problematic largecale
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 staclg interactiong13) whereas, as found in this work, the loops involve

both different hydrogen bonds and stacking interactions.

In the current work, we combine ChuKgnnedy (CK) filtering of SmFRET traces, kinetic analyses, and
experimental variants gy 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 secuédviokecular 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 (altugh GTC is more tolerant of triloop than the other two), whereas GAC
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prefers the triloop configuration. I f duplex (CAG
the opposing CAG and CTG hairpins would naturally prefer tetraloop configurdtiocmntrast, if

duplex (GAC)A(GTC) opened into opposing hairpins,
frustration between arms of such a cruciform structure. This difference in stability and dynamics across

the cruciform structure would influends 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 diseaseausing potential of their presence in genes.

Results

We previously developed a single molecule FRET assay and atomistic molecular dynamatsosisnul
that characterized hairpin slipping dynamics for CAG repeated(@®AHere we apply those methods
to studies of hairpins formed from repeated CTG, GAC and GTC trinucleotide units.

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

kinetics

Briefly, our experimental assay uses ssDNA oligos
repeated trinucleotide s eqduiehsgaeer ([THEC), anda@6) at t he
nucleotide sequence on the&@minal. This oligoishybridie d t o an anchohbiotinst rand t
followed by a 5T spacer and then a sequence complementary to thecdotide region on the other

strand. The anchor strand also contains a donor fluorophore (Cy3) attached at an internal dT. The triplet
reped 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 mpddigon of the triplet unit. Previous work

identified paritydependent 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 unpairatieither 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, 13 15, 17, 19, 26)We denote the configuration with fully base paireddtgp(matched ends) as

60 sl ipd (Fi gur e-refieAthairgin; taldop sarlictore ip the-f@peat Haigpin)1\Ve use

the 6+6 sign to indicate a hairpin that has slipp
movesawayf om t he domorgnarnadrdéthe opposite. |In the O6+n
number of triplets the hairpin has migrated compa

SmMFRET signals of (CAG)14, (CAG)15, (CTG)14, (CTG)15, (GAC)14, (GAC)15, (&Z3nd

(GTC)15 hairpins all reveal dynamic transitions between different states (Figure 2) measured with 15
msec frame rates. Our studies used buffer containing 20 mMHRIgH 8.0, 10 mM NacCl, with our
previous work suggesting smooth changes in kimates with ionic strengt(l9). 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 histograrassammarized 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 vdth of the Gaussian shaped peak. Consistent with our previous study of CAG (iE®pins
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 (CE&hairpins were interleaved, as we

previously determine(L9)to represent the parityependent configurations of straskipping that were
organized to strongly prefer tetraloops. Our improved time resolution and application of smoothing
algorithms (Spplemental 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 stugli®$ We now confirm CAG)15 visits states

with slip-1 slip, +1, and +2 (rather than our previously régbfl, +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 configuratio®gpplementaFigure S4).

In contrast, the CTG, GAC and GTC hairpin histograntgied 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-fdipker r egi on (63T variantso6), t
changed to A, several bases were changed to provide full base paring in the stecorfgiaement, or

6 SC v a rslipavariainés Yo forc&the slip, and the acceptor dye was moved 5 bases deep into the

stem (6f i f (ShppldniedtaFigueerSLi)ahe intgrpretation 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 hairpmsst 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

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

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

the hairpins. The lower FRET for (CTG) and (GTC) SC vasigduggests that thecbntaining TNR

ssDNA overhang is more compacted. Such compaction is also consistent with a previo(l63usigg

singlest rand endonucl ease susc-kepkebdbi tonlyi gor atdeansf ge
CTGand 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 éoc(GTC)15 in Figure 3B. Figure 3A contrast

t he usual 56 acceptor | ocation (left) with a var.i
bases in from the 56 end (right, indicatwd 6fi fth
label site has only 2 major peaks. Moving the acceptor to the internal fifth base yields histograms with 3
major peaks, thus allowing th# and O slipped states to be distinguished. The fact that the T3 variant did

not separate these states (FiguBg &so 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 FREhe#iifor the

distinct slipped statgd9). 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, Figurd@. 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, Figuréhehariation in

FRET efficiencies of the stemo mp| ement 6SC variants (SC in Figure
is consistent with different configurations of the overhanging DNA.
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We note that the variant in which the acceptor was moved fromthe DNA end t-@amion i nter
link (indicated o6fifth_dT6) changed the occupancy
moving the acceptor reverses the ratio occupancy of the high and low FRET states (compare

Supplemental Figures S8C to S8D) (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 ne2 \{iSitpplemental

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 #Be 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.

Oncewe 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 dditians 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, kmeans, Spartan). The broad agreement of the kinetic schemes determined by these 3
algorithms confirms the robustness of the analysis (Suppleniaiibd S6) and agrees with a recent
communitywide blind assessment of kinetic analysis software applied to smFRE{Rdata

The results of all the above experiments to characterize the slipped states and the transition kinetics
between states for 14a 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 assignméntoinsber 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
frequencyobserved 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 lalgglihe 0 andl slipped states are not well
separated, as discussed above. In these systems, the high FRET population was pooled and plotted
6bet weend the tetraloop and triloop positions to
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 datarsuarized 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 lead6 tanGA
CTG hairpins dominantly experiencing slips of +2 ahdjumping tetraloop to tetraloop) whereas the
GAC and GTC hairpins most preferred transitions are +1hislwitching between triloop and tetraloop,
or vice versa) (the bold arrows indicate thest 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 tolerancpiongslip
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 GAGrpans could lead to differential stress in cruciform
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structures that might transiently form in duplex TNR run€ @ G A CdEBINAc o mp ar e dGTCo GACA
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 aty&A conformations at the atomic level

(8, 19, 2834). smFRET experiments cannot unequivocally determine the number of bases that form the
hairpin loop. Existing evidendd 3, 19, 3539) indicates that these loops are tight, i.e., formed by few

basesWe performed extensive (over 80 initial hairpins and d ZDatomistic MD simulations of CAG,

CTG, GAC and GTC repeat hairpifgipplementary methods). The results of the simulations indicate

that tetraloops are the preferred conformation in CAG, CTGEd 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 hairpiksscheme for the triloops and tetraloops is presented in
Figure5Di f f er ent <configurations (ant i-aodretradoppsyeref or t h
explored: in the results presented bel ow we use t
| oo pTGCTB® f or examplaas ta nleeasncsr itphtatont hies ¢ angl es o
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 Sl present the neost stabl
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 longkstd triloop for the given repeat is presented in

the SlI). RMSD plots of the loop bases widispect to the equilibrated structure are presented in

Supplemental Figures ST8L7 in the SI.

Triloop matifs for d(GXC) sequences were studied via Higgolution nuclear magnetic resonafi@gg).

In these experimental sequences, the GXC loop was surrounded by sequences that form very stable
WatsonCrick base pairs and thus all the triloops were stable. In particular, the tight loops were partially
stabilized by a shearedi@A sy{Pairing, aghe one that stabilizes the aas GAC triloop showFigare

5. Given the surrounding sequences that locked the triloops in place, there was no room in these
experimental sequences for an interplay betweeartd tetraloops. That is not the case for TH¢ have

fewer stable sequences flanking the loops due to the presence of the mismatches. Stabilization is the result
of a careful balance between stacking energigdrogen bonds, backbone deformation energies and

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

other for the four TNRs.

(i) CAG repeatg19): | RCAG-3 66t ri |l oop, t he attibonfermationueCbasd i des a
flips out and the shearedssA anfouepair is held ly a single hydrogen bond. The triloop is closed by a
weak AG/CA step, with a low melting temperat(t8). I n conAGCA8D,teheabbops ar

stabilized relative to triloops by favorable stacking energy within the loop, less bending deforrhation o

the backbone, and locking by a GC/GC step, the strongest of all possible steps, with a high melting
temperatur¢l3). There is also one -AGCABO6gert AaAoApboEdt T 0|
also play a stabilizing role, as there are twdgsred conformations, aaaa and aaas in terms of the
glycosidic angl e ¢. I n addition, these conformat:.i
aaas conformer has no stacking, or sheed single A/G or single C/A stackings, while the aaaa

conformer has longjved double A/G and C/A stacking.

(ii) GAC r&pER3ad st:r iTThreoppbaas conf ormati on was unmi S
simulations. The tight loop is partially stabilized by a sheargg/Gs,Dase paif35)with two hydrogen
bonds and by the G/ A st acki NGGABfO ttled rlad op pb chsaess .a
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to pick a preferred conformation. Evidence suggests this is the aaas conformation, for which there is one
long-lived hydrogen bondhithe pair Ani A s, AThe aaas has two conformations that coexist: one without
stacking in the loop bases and one with-stack state A/C and G/A.

(itii) CTG repe&A&306 Stirmillmap,t ot tenree 5i160s a sheared G
hydrogen bond. The RMSD for the triloop eventually showed large fluctuations, and subsequent
unraveling of the structur-eEGCT-36 mti é¢tardlyoamw, tdhre ICRA&
stabilized in the aaaa and asaa conformations with diffetacking. Importantly, two hydrogen bonds
contribute to the ZiiA anip @i r  FTGCTt30e tSeé r al oop, and they are the
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 experime(3s).

(iv) GTC repeat s:GTG3 dnutl raitli @ if doetifs dsinferg skable hana nd s a «
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 sheardd G®ase pair with two

hydrogen bonds. Tths, the | oop is closed by the weaker TC/ G
TCGT306 tetraloop, on the other hand, stabilidiAzes in
Asnpai r FACGA-2hGe t56dt r al o o ptwahydrogembonds centribudettosthendA andl

pair iTEGGTt3be ted& r al oop. Thus, the hydrogen bond si
repeats: one hydrogen bond in the sheared G A C p
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 independeriledgonformers: one displays

a G/T stack, and the other one displays a C9 flipped out alraditally 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, codingi#®isame protein, have been found to play
significant r ol e s(4Gi4B). Téladdrdss tmegxpectedirmpadddf thesirdesrapt in a
dsDNA context when the CAG TNR is interrupted by CAA, we examined the slipped states and kinetics
of the canplementary 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 ofrépéats 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)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 sli;mstate a
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-dnslip states.Both states position the interrupting T base in the
loop. In the (CTG)6(TTG)(CTG)8 variant, 3 FRE&gks 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 resulalin ove
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 preferenceynfave 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 segqdepeadent 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 stackimgrgieshydrogen 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 patt
there is a penalty for unpaired trinucleotides. I
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 insize, 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 A T bases of the t thetrlemp,andipGAChan i n
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 bosimdritetraoops). Alternatively, one

can consider tharength of the base step that closes the loop, as suggested ([D3R&fhis 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 AGt€p in comparison to the stronger CpG

step that closes the GAC tetralodfevertheless, the reversed sequences show different preferences for
number of steps in slips (Figure 4), as has been previously sug@Eted

Experimentally, we determined subtle sequeteeendent conformational differences that occur in the
ssDNA overhanging ends of these structures. These effects required extensive control experiments and
development of additional analysis approaches (suppgartaterials) to sort the underlying states. The
guantitative characterization of this complex kinetic scheme with states yielding closely spaced FRET
efficiencies further demonstrates the ability of single molecule FRET to reveal near-keshidetais

of dynamic moleculeft3) and quantitatively characterize kinetic differences in closely related states of
moleculeg27).

We confirm parity dependent phenomena reflecting differences in stem alignment in even and odd
numbers of repeats to achieveferred loop configurations (tetraloop vs. triloop), as previously reported
(13115, 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 thikse$ 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 contedst]oop 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 confirnthese 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 severgrevious studies using a variety of approad®e43 15, 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 weauain 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, Petrugit&) who used an indirect reporter of polymerase extension to
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characterizeéhe 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 regidgh the matched base pairs and form a
primertemplate 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 statelNote this assay was thus limited to detect only one direction of slipping. Although many of

the trends we observe in our fread hairpins were present in the earlier work, the +1 step we observe as

the dominant pathway for GTC hairpins was not deteci#dthe 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 andhose 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 clampasgs 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. OtinreamFRET assay of

slipping ndably 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
guantitative comparison, our results are in general agreemertheigarlier studyl13). The details of

these differences further emphasize the theme of the delicate balance-loiogtemergies that determine

the dynamics of these structures.

The results that these hairpins divide into two groups with similahpgigal 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 pbmids inserted int@. coli (45) found that CTG expands 9 times more
readily than the 9 others they tested, which incl
can experience large expansion of1IDs that associate with disease, the only mupa@hology thus far
reported for (GAC)A(GTC) repeats in humans is in
(GAC)5 sequence changes by only £1 or +2 TNR units to cause the dig#d2s) Overall, GAC and

GTC TNR appear not to /Junderghe 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 &bility of the loops we characterized has interesting consequences when one considers the
original doubl e stranded DNA: (CAG) A (CTG) and (
out el ectrophoresis exper i me nrematen dupl¢xe€At)epoted( CT G)
the formation of noftanonical DNA structures (when the strands were separated) which persisted after
reannealing of the complementary strands containing equal repeat I8)gtheas suggested that each
complementarytsand could contain mirror hairpins that travel in opposite ways (echoed by (ithgrs

or a small series of hairpins, or nstructured loops, or combinations of these. These early experiments

could not determine the nd® DNA structures or their refi@e stability, and there was no data for the
nontexpanding GNC sequences. According to the present stability analysis, if the strands were to open up
and form Amirrorodod hairpins as those shown in Supp
leadb a fAstabled cruci form DNA, with tetraloops in
triloops in both strands. The naxpanding GNC sequences, on the other hand, would result in two
Afrustratedo cruciform DNA bapanandGTEEvols tetramophh e cau s e
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 sequensdhan 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 complimentaayds, then hairpin slippage would be in

phase for the two strands in CNG sequences, allowing them to travel apart in alikelitzave or

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

nonex pandi ng GNC sequences, which woul d-ainmepadé¢ nigadi r
of the canonical EDNA.

Our experiments found some kinetic rates varied by more than a factor of 10 for transitions among
hairpins that could form complementatyplexes. 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) (Figure 2). Similar trends are seen for (CA@)Nnd (CTG)s (Figure 2). The
guantitative kinetic measurements confirm these differences. In figure 4, the rate oi{€1ENg-2 is

17 times greater than for it slipping +2, while tBeaate of (CTG) is 14 timessmallerthan its +2 rate
(Figure 4A). A-2slip i n either of these sequences is a shift
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 basegrestraints 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 (E3)sThat study reported that (CTG) repeat

expand 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 trandibom O slipped state t@ slipped state in

(CTG)asand to-1 slipped state in (GAG)and (GTC)4 (Figure 4): 0.71$(GTC), 0.06 3(CTG), 0.19 8

(GACQ), transition not observed fCAG)), suggesting the hairpin loegtem 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 haiwgimich 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, inCRG opposing hairpins with 14 repeats the

rateswe measure suggest that the (CAG) repeat hairpi
repeat hairpin have approximately equal probability to move either direction, thus moving together or

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

Intriguingly, migration of a single TNR extended arm has been observedway jBinction context for

short (CAG) and (CTG) hairpind7). In contrast, we observe that the GAC and GTC hairpins will tend

to meke initial transitions that keep the arms directly opposite each other. For example, in most likely
transition from O slipin (GAG)i s t o +1 sl ipped state, which move t
the initial step from O slip for (GT@)istothesl sl i pped state, moving the GT
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@TAQpened cruciform

would tend to migrate together. If directly opposed arms wii hecruciform relax to duplex DNA, then

GAC-GTC would be expected to resolve to duplex DNA more efficiently than-CAG, which have a

higher likelihood of separating arms and possibly persisting.

Interrupts in the TNR motif are important for the stapitt several TNRs with CAA interrupts in the
CAG TNR having i mpact s o rf40iH2) We have greviously eepoded €EAAa s e s e
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interrupts in CAG TNR stabilize the hairpin dynamics when the interrupt is in th¢18ppgiere 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)A(CTG
opposing TNR arms, then the increastbility 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 loopasttbe 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 generatesrong 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 separattumarms 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 obiophysical 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 edriddhe 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
asingest randed gap in the |l ocal duplex. The subseque
then result in TR expansion. TR hairpins with mismatched bases are recognized by DNA MMR protein

Mut SU a n(d6i 4R)uAttigation of the endonuclease acii t y of Mut LU or Mut Lo a
nor mal mi smatch repair cascade after recognition
permit the TR hairpins to open in this mo@&i 52). Such a mechanism would agree with the

observation that suppssing DNA mismatch repair activity can redut¢RTexpansior{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 fentarkinetic 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 asdaibed befor€l9). The main strand contains several key
features (in order 56 to 36): a 506 accept-or fluor
nucleotide (TTTTC) spacer, and finally 32 nucleotides that are complementary to the ethetegfide

strand.For some experiments, Atto64MHS was instead attached to an internal ardiipas indicated.

The other strand, called the anchor strand, was Db
modi fier (i AmMMCG6T) at tnd,evhichtvds labeledvitledonor G)EIS f r om t he
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 TrisHCI, 1mM EDTA, 100mM NaCl and 20 mM Mgg|lheating to 98C 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 magjun. All sequences of

DNA used are listed in supplementary table S17.

Single-molecule fluorescence imaging and data analysis.
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A homebuilt prismbased total internal reflection microscope was used for all single molecules
fluorescence imaging as deibed beforg53). 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 wsimgde Dualview

image splitter with a 645dcxr dichroic mirror (Chroma), decimannel filter HQ585/70m filter (Chroma),
acceptorchannel filter HQ700/75m filter (Chroma), and an emCCD camera (Cascade 512B,
Photometrics), the same as our previous pubtingfi9). 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), dorrohannel filter ET585/65m (Chroma), acceptbannel 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 slaysttms ((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 o®era 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 hairpirDNAs were immobilized on the surface of a hem#lt flow chamber between a

guartz microscope slide and a coverslip. The quartz surface was coated with biotinylated bovine serum
albumin (biotinBSA) and streptavidin to achieve wsjpaced DNA molecules.llAmeasurements were
conducted at 21°C. All sample addition was performed in buffer containing 20 mMHOlipH 8.0, 10

mM NaCl. smFRET imaging used the same buffer augmented with an oxygen scavenging system of 1%
glucose, glucose oxidase (100 units/mllat al ase (1000 wunits/ml), -0.05 mg
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 (la) wereeskfrant

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=1a/ (la +
Id) and not corrected for gamma fac{b4). 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 repeaisidiatie

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 hairpiasd 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 welbopulated states, whereas the standard deviation ofsthedpulated 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 teduce the FWHM of the FRET histogram peaks by smoothing the FRET
trajectories before histogram assembly. We applied a CKenkedy (CK) filter (full details are in
supplementary note 1) to FRET data acquired with 10ms frame rate, which reduced the F\&\4v1 by

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 wher e Ipgeddateswithani can f
overhanging single strand. These variations allowed us to identified degeneracy of FRET efficiency for

states representing 0 afidslipped configuration in (CTG) and (GTC) hairpins (for full details see
Supplementary note 3). Becawse 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 ACTGO spandimiealCo r ef er
| abel ed hairpins are noted by appending dAa_fifth_d

Dwell time analysis of sSmFRET traces.

FRET time trajectories contain the dwell times in each state and the sequence of transitions between
states. To automate extraction of these dwell timedirstesmoothed the FRET time trajectories using
ChungKennedy filtering (CK)X55i 57) (see Supplemental note 1 and 2). Then we performed kinetic
analysis of these trajectories using 3 different algorithms: Edge detection (GKjearis clustering

algorithm (K-means), and the Spartan software pack&8gfrom the Scott Blanchard lab. EF 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 tinmeabysis 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 pa¢k@peith the force

field BSC1(60). The TIP3P water modébl) was usd for the explicit solvent. Periodic boundary

conditions in a truncated octahedron water box were used and the appropriate number of sodium ions
(parameters in Ref62)) were added in order to neutralize the nucleic acid charges. Electrostatics were
hardled by the Particle Mesh Ewald Meth(&B) 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 isThe SHAKE algorithn{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 useslgvadually 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 productionr uns wer e performed over 2 s with a 2 fs t
pressure.

The initial structures for the loop part were modified from PDB ID:2M8%) that has a GCA triloop

and PDB ID:2K71(66) that has a GAAA tetraloop. Thesaitpins 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
withtheot ati on of the ¢ angles of the bases in the |
combinations of antiand syac angl es as described in the Results.
number of repeats were built by adding extraresiduestothe and 306 ends.
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Figure 3.1 The experimental design of the hairpins in this study. (A) (CTG) is displayed, but the anchor
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slip states. The overhanging 56 region is depicte
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Time [s] Time [s]

Figure 3.2 Example single molecule donor (blus)d 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 labgtes to extract distinct states from single molecule FRET

dat a. (A) Schematics of (GTC) l-&cepta attachmentgleftion di f f
aminodT acceptomttachment at thé™base (right). The distance between donor andpaocare

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 standardaten 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) wiatclt e®pd or ( u qPpaxaeptor (fowed) attachinenttsited The fifth_dT variant

separates thdl and O slipped states, which were overlagpmthe 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
withi mpl i cati ons for cruciform configurations. A)
resolution (except slow rates for (CTG)14 and (GAC)15, which used 50 msec). B) Resultd"ubifig 5

labeling of acceptor, but otherwise as in A. In both A) anctcBjle size represents the relative size of

equilibrium populations (printed as % above circles) and transition rates in* amé sdicated in

numbers above or below arrows. The thickness of arrows relates to the likelihood of the transition.
Specifcally 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 hairpihg 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 correspondingr tidtsaloop

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 tetraloopoafigurations and make transitions of slips oftwo 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 ofietrinucletide 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) Schematicsasticiform configurations that can result from opening in regions of
dsDNA for (CAG) A (CTG) duplexes (left) and (GAC)

loop configurations are indicated.

46



Tetraloop  Triloop Tetraloop Triloop  Tetraloop Tetraloop Trilbop Tetraloop Triloop Tetraloop

N . . (CAG),, 0(91%) +2 (5%) (GAC),, -1 (6%) 7% (44%)
I | i:ifeiiecdr:tt?’[as'("]mpu‘aﬂon) — 6.07 O I Q 0.19 1 49
(CAG) ~03_ oy (GAC) 521
tetraloop (CAG) tetraloop
A1(25%) 0(10%) +1(56%) +2 (8%) (GAC),; 0(85%)  +1(4%)  +2(2%)
3 0.90
Q - ‘5?4\0@
~.0.48 ~
\.____J
oorr
< DNA Strand Slippage > < DNA Strand Slippage >
(CTG),, -180 (25%) 2 (2%) (GTC),, -180 (79%) +1(5%)  +2 (5%)
1.87
1.29 TN e
o 5.95 >~ 161

5 3 by ¥
(CTG) -~ 0.023 1 (GTC) ~0.25 ¥ 1. i
tetraloop - tetraloop 0.11

(CTG),, (GTC),,
180 (26% +1 (65%) -1&0 (54% +1(40%)  +2 (3%)
ST ©/4 00"
S 0.18
(CTG) iy B
triloop
B (CTG),,_fifth_dT (GTC),,_fifth_dT
-2 (2%) 0(85%)  +1 (4%) -1 (17%)  0(60%)  +1(8%)  +2(6%)
/o 71 W\m
Or 0.06 —~ EBO Q REY 13\ /Olo\o
~_086 ~¥ 023, 49
0.07 7 N 2 015274
(CTG),,_fifth_dT (GTC),,_fifth_dT
-1 (57%) 0(7%) (33%) -1 50%) 0(26%) +1(21%)
042 #7908 055 T~
O Q SO0
4 184 0 (o530 270 o 76
(CAG)-(CTG) repeat double helix (GAC)-(GTC) repeat double helix
5- .CAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAG..3 5- .GACGACGACGACGACGACGACGACGACGACGACGAC..-%
J- .GTCGTCGTCGTCGTCGTCGTCGTCGTCGTCGTCGTC..-& 3- .CTGCTGCTGCTGCTGCTGCTGCTGCTGCTGCTGCTG...-5
favored loop, unfavored loop unfavored loop favored loop
6o loop formation ¢ loop formation
AfNA Y A
cpyc O G <] | ¥ Gf\c
(<] § GRIC [+ § [c] o B (e
AL A A A A A Al A
o] N (€] 4 N e el B '8 ] B 9
G C G c C G G G
s-.cagcaccacchf NAecascaccas. 3 5 .cascaccasch) \Ascacoascas. 3 5..eaccaceaccAJ \Aceaceacsac..¥ 5 6acGACGACGAS \AceacGAcGAC. 3

3-..GTCGTCGTCG T TJCGGTCGTCGETC..-§ 3-.GTCGTCGTCGT TCGTCGTCGTC..-5 3. CTGCTGCTGC T TGCTGCTGCTG..-5 3-..CTGCTGCTGC T 76CTGCTGCTG..-F

cy Je ch je € ¥ G} C

Gy Ic GJ fC cy e [« N ]

il T T T T TRET

c G c G G C G C

GRJC e} ' o cppc cWG

TNVT T TNIT T

cG GCe

favored loop unfavored loop favored loop unfavored loop

47



c10 c10

G9
Al1 i
G12 c7 o
Peakeat
Al Né{fi\j\\s
aaaa (one stack) aaaa (two stack) aaas

5'-AGCA-3' tetraloop in CAG6

aas aaaa asaa
5'-TGCT-3' tetraloop in CTG6

¢
N3 02

yN3o2

Yo Te
04 N3

aaaa aaaa (G/T stacking) aaaa (C flipped out) aasa
5'-TCGT-3' tetraloop in GTC6

Figure 3.5 The structures of the stable hairpfrem 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 redX marks the missing bagmiringassociated 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 TiiGpinte

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 indicaieded text.
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A Migration Stablilization

CAG repeat with CAA

interrupt in unfavored loop favored loop

2

)

u
CTG repeat with TTG

interrupt in unfavored loop favored loop

B  Migration Initiation
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Figure3.7Cr uci form migration model s. A) Repeated (CAC
(CAA) A(TTG) complementary trinucleotide (highligh
directly opposite (right), where theterrupts 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 @IS hmaruciform

configurations.
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CHAPTER 4. Chung-Kennedy filter and edge detectiorfor kinetic and FRET analysis

4.1 Introduction to Chung-Kennedy filter and edge detection

The ChungKennedy filter later referred athe CK filter, was invented for reducing
background noise in signal process{@nung & Kennedy, 19919nd later introduced intsingle
moleculeFRET trajectory smoothing bgilad Haran(Haran, 2004)To briefly describe the

theory of CK filter, intensity atlata pointQYOQ) can be represented by a weighted combination

of average intensities befoaed after the original data point,

0 03 "0Q P
O ,3 ‘0Q 18

0]
0Q QYO @ ‘YOQ &

wherel , named Mean Windowm our program, is a parameter which determines the size of

window for averagingTheforward weight and backward weight ajieen by the donor and

acceptor intensities

Qo 0N Q g 00 0N O Q0 18

wQ o N G 0Q QN O Q1 %)

whereD , named Predictor Window in our program, is a parameter which determines the size of

the window over which the predictors are to be compdjedamed exponent in our program, is
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a weighting factor that amplify nonzero weightsjs a normalizatioriactor that is calculated at

each data poiritsuch thatQ "Q & Q p.

Similarly, avariant of the filter using backward/forward window can be used to
calculate the standard deviatiohdata points around a time pointdetermine whethdahattime
point is a transition eddeetween distincERET stategGauer et al., 2016Here we developed a
full MATLAB package bas# on the CK filter and CK detection thatt, provides a visual
platform for users who want to perform kinetic or FRET analysis of their smFRET trajectories;
second, allowusers to batch analyze traces with the optimal parameters of their choices; third
promotes an alternative approadompared to more widely usétidden Markov Model (HMM)
for single molecule tim&ace analysisThis software package is available for free download
from Keith Weninger website at NC State Universithiis softwarecan run properly in

MATLAB 2020b.

4.2 Guidelines to use Chunglennedyfilter and edge detectionMATLAB package
4.2.1 General workflow
For visualization of FRET traces and transition analysisthes®IATLAB app called
AFRETt r ac e v iTkewkematioMoekiow i8 shown in Fig1. For more details check
section 1.2.3. Furthermore, some helpful poantslistel below:
1 Trace filesmust followspecific file name ruleand data arrangement ral&ee
section 1.2.2 for more detalils.
1 Checkthe boxesinthebottemi ght ATool kit optiono firs
parameters in the bottemiddle tab.
1 Usingthei Rehr s gur edo button maysolvemsanyeradar i ng t
that may be encoutered
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input basic

parameter settings

or

import external
parameter settings

N

N

open traces file

!

check/uncheck boxes of
different filters to apply

|

adjust filter
parameters

|

adjust display
parameters (optional)

!

go to next/last trace

!

export parameter
settings

Figure4.1Wor kf | ow of

A F R E TTowisualirevthe EREE trajectolries ysemaust

input or import thdile setting. Then user could choose the filter by checking correspondent boxes

adjust various parameters to achieve the optimal results and thperitimization cycleseveral

times for multiple traced he user will finally &port all the parameter gimgs when finished.

Use the MATLAB script

batehltransitibn afatyais ohmuhigle t o

tracesandto generate a text file containing dwell position, duration, anchgedfRET. For

more details check section 1.2.4. Furthermore, some helpful jpochide

1 Trace filesmust followspecific file name rukeand data arrangement ral&ee

section 1.2.2 for more details.

1 Theparameter setting file from the MATLAB apprequired
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1 PlaceALL the MATLAB scripts in the same folder along with the parameter
setting file and data files.

1 The twvo-sample ttest filter has not been added into the batch anadysrgs time

4.2.2 Export trace data into the appropriate format
The frst stepin the analysis pipelinis to export your trace data into the appropriate

format . I n Keith Weninger | ab we use A.traces
video and Igor files to view individual trace. For external use, export individace data into a
threecolumn txt file. The first column should be the time points axis. The second column should

be donor emission intensity. The third column shoulddmeptoemission intensity. Make sure

the three columns are the same size. Fleme o f each trace follow rul
suffixo or dAprefix + number + infix + number
file as Atracelb5.txto or fivideoltracel5. txto.

4.2.3 View traces and test kinetic analysis parameters witfiFRETtraceviewer.mlappo

The ®cond step is to analyze traces with the MATLAB app program named

AFRETtracevi ewer . ml appo. I f this is the first
AFi |l enamePrefixo, AFil enamel nf i xlpintheibbtiorh e n a me S
left corner. Ifyouhavai Setti ngs. mato file ready, use the
settingsNextu s e t he fAOpen Fileodo button to view your

and ALast Tr aceo btdracedd you follow theifile mamindraes dooye f e r e n
Use the fASave Sett i ngs Bavibgwsettings ma filmimmréante al | t h
because it allows you to do the batch analysis with MATLAB scripts package as well as quickly

reloadthepr amet er s you use into the MATLAB app. U s
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After opening the trace file, you can see the trace pap apvindow that showthe donor
signal in green, acceptor signal in red and FRET efficiency in magenta.

l. Toolkit Option

In the bottorar i ght corner, there is a section calll
the tool you want to applyWhenyowe | i ck t he A Ref, yoevdllhseekhe ghnangee 0 b u't

in your FRET trace fiaguridg.er@hev Kiln g htohve afcBaed

blackandwhi t e col or bar above the figure. Checkin
donor traces, acceptor traces, and FRET trace
edgeodo boxt hwei lildesnhtoiwf i ed transition edges in al
analysiso will show the standard deviation of

the third and four-tésfoghorswi ICheeshaenadyt hlee At
two-sample ttest from black to red. Detailed explanation of each tool is listed below. Pushing
ACut Edgeodo button eliminates the edges-in the
samplettestThei Load ext er nal aaeldeatwefor comeadsknbobedges s
from the app and from the external text file generateth®ATLAB script package. External
edges will be showasred dashed lines.

Il. Trace display

The bottommi ddl e ATrace di spl ay dtarttimbandthelemdws vy o u
time of all FRET traces as well as the lower limit andartimit of donor/acceptor intensitghat
is displayed in the figures. Check the boxes first then input the intended Vak@. T r a c e
di spl ayo par amet étothevsettingfilen ot be exported

[1l. CK filter
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The bottommi ddl e ACK filtero tab allows you to
window size, and exponent values of the CK filter algorithm. Mean window size determines the
average intensity values for linear comdttion. 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. Highes wedaes sharper
transitiors. Dona and acceptor intensity traces will be smootaecbrdingly, and then smoothed
FRET traces will be calculated from the equation la / (la + Id). Empirically, mean window size
should usuallype between 3 and 20, predictor window size shtyitally be betveen 3 and
20, andcommonexponent valugshould be between 1 and 50.

IV. CK edge detection filter

Thebottommiddlsn CK edge detectiono tab all ows you
Donor & Acceptor MinPeakHeight (DA MPH), and FRET MinPeakHeight (FRET Méfhhe
CK edge detection. Empirically, mean window ssheuld typicallybe between 3 and 20. DA
MPH and FRET MPH is the threshold above which the local maxima of standard deviation will
be consideretbbea t ransition edge. Chaoooa diFtRIEESr0 faBon
criteria in the ACK edge optiono box. By chec
right, you can see the standard deviation plot in the third and fourth figure, which helps
determine the suitable CK edge option and MPHieab use.

V. bad data filter

The bottommi ddl e fAbad datao tab allows you to f
photoblinking data points in the FRET trace as well as unwanted head and tail sections. Filter
results will be shown in the bla@dndwhite color ba above the figure. Black section indicates

rejected datapoisand white section indicates accepted
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percentage threshold for determining the data
window sizethatiper mi tt ed for consecutive rejected or
and AUp Limito set up the donor and acceptor
and AExclude Tail 0o reject the dat dernptivelasdrs on
excitation.

VI. two-sample ttest filter

The bottommi ddl e Attest?2 filter éanipletestantieows vy ou
forward and backward windows around each potential transition edge locations. Transition edges
areaccepted iftie significance level (alpha) of theest comparing these data windows
examining the FRET states before and after the potential transitiomsexdge/e the specified
value. Accepted edges will be shown in black line while rejected edges inred. Paghth®@ t p
val ue i n t hw®odsplayche pvaluegof tiegt (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 parametettings 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 scriptthe same folder. Also put the
ASettings.mato file from step 1.2.2 in the sa
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 analyzetime next window and click yes. Pick the first file and last file in

ascending numerical ordeAt this point, await 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 ingladin

the results mentioned above.

4.3 Implementation and assessment &K filter and edge detection
4.3.1 Edge detection performance on smFRET trajectories from KinSoftChallenge
In 2019, European scientists from the smFRBmMmunity launched a global project

calledthed ki n So f t C hwebsitehtipsy/sites.qoogle.acom/view/kinsoftchallenge/hpme

where participantase their own analysis packagestdract the quantitative kinetic information
from the experimental or simulated raw SmFRET gataided by the challenge organizerge
participants were unaware of the ground truth until everyone submitted their results. Then the
organizertthenevaluate all the approaches by comparing kinetic results otstade model,
threestatemodel,or degeneracy model.

Weninger lab appliethe CKedge detectiopackage described abotgepublished
simulation and experimental SmFRET tila@se trajectoried he gtimal parameter set was
determined by manual selection to generate all the transition &tlgeso sampled the
parameter space to evaluate parameter sensifidtye detection alone ot capable of
generating the kinetic rates. We anatyERET efficiency histogramto decide the number of
FRET states and FRET efficiency range of each dtkeet, we obtaired theaverage lifetime of
each FRET statlky poolingdwells whose average FRET efficiarsfall into assigned FRET
intervals into adwell-time histogram and fitting the histograawith single exponential decay
functiors. Lastly, we appédthe branch theory to obtain the transition rates by weighing the
inverse of average life with fractional transition freque@ityz-Thompson, Bailey, &
Gonzalez, 2016)rhe resuls we submitted were close to the ground truth.

The kinsoftchallenge project has been accepted for publicati@?22.
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Figure 4.2 Testkinetic rates obtained from edge detect®mulatel or experimensmFRET
trajectories were processed with edge detection and subsequent dwell time extraction and fitting
to obtain the kinetic rateBifferent set of prameters used in edge detection including window

sizeand Meanpeakheight (MPH) are tested to generate kiragdis for a twestate or threstate
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system. Ground truth from simulation data is shown in the dashed linesftlata come from
kinSoftChallenge.
4.3.2FRET and kinetic analysis of TNR hairpin sSmFRET traces withedge detection, k
means, and HMM from SPARTAN

Due to the fast time resolution (10 or 15 mnmsjriy TNR hairpin study, it is difficult to
determine the existence and population of each slip conformation based on the raw FRET
efficiency histogram. We udbe CK filter to smooth the FRET trajecteg which dramatically
reducel the Full Width at Half Maxima (FWHMbf peaks in FRET histogram#/e combine
CK edge detection with the smoothed FRET efficiency histograms as described in 4.3.1 to find
the transition rates between slip conformatidis. ako test other approaches to compare the
kinetic ratesobtainedfrom our edge detectioalgorithm We first attempted classic kmeans
algorithm,with implementation prograntgeveloped by Chelsea Mahn, to acquire the transition
rates. Furthermore, we tedtthe Hidden Markov Moddtom SPARTAN, a MATLAB package
from Scott Blanchard lafluette et al2016) We found that the kinetic rates generatedhsse
different methods are on averagéo®l different. However, we do emphasize #itectof
smoothing becausmplementation of SPARTAN with or without CK filter could lead to a 10
fold differencein kinetic ratesRefer toSupplementalable S6 from sectioB.3 in appendix for
details.

| also proposed an alternative approach to narrow the FWHM in FRET efficiency
histograms after we obtain the transition edges from edge detection. By filterimmptasaof
each dwell based on its average FRET, we cgafterate 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 dwedised ortheir aveage FRETRefer 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 | have examined the structural and dynamic aspects of mutagenic
trinucleotide repeddNA hairpins Microsatellite DNA haveshown intrinsic instability in
genome from bacteria to yeast and mamniémonucleotide repeat and dinucleotide repeat
are very common ithehuman genomend theirframeshift behavior is regulated by a number
of repair machineries including Mismatclepair. TNR DNA is also capable of smadtale
insertion and deletion in general. Howewshen the repeat length reaches a certain threshold,
especially in humas) expansion frequency and expansion sizewdlisen severely. Eventually,
the expanded TNReajuencedead to currently uncurable diseases depending on their repeat
sequences and genetic locations. It is acknowledgeththanorthodox structures and
distinctive slippage capability of TNR DNA are essenti@itributorsto genetic instability. |
used smFRET to resolve the raahe slipping dynamics of TNR hairpins as well as the effects
of interrups. | also built a novel MATLAB package to facilitate kinetic and FRET analysis of
SMFRET timelapse trajectorieBoth of my experimental and analytical contributions help gain
insight of TNRinstability mechanisms.
5.1 TNR hairpin slippage and interruption effect

In chapter2 we deciphered the slipping dynamics of (CA&)eat hairpins as well as
variants containing interruptg/e discoveredriplet slippage pattasin (CAG) repeat hairpins
that are associated with the parity of repeat numbie parityintrinsically reflects the
difference of loop structurevhich connects these slippage patterns to structural feauresg
(CAG)140r (CAG)s slippage, the hairpinsopulatea tetraloop conformer over 90% of the time,
showing a dominant stability of tetoop structure over triloop structu&e also tested the

repeat length dependence and cation dependence of (CAG) repeat hairpin sBpppgge
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could be detecteih the presence dla orMg whereas the relative population of slip

conformations varwith ion strengthRepeat length variation in odd/even repeat number
slippagepreserve fractional population of each slip conformer whereas the average Ildketthe

slip conformers increased. Lastly, we study lo{€AA) interrupt neathe (CAG) repeat hirpin

loop affects the slipping dynamid€AA) interrups in the(CAG) repeasection of theHTT
genearepathogenically importards they delajdtu nt i ngt ondés Di sealee onset
slippagepattern ofthe (CAG)1s hairpin containinga (CAA) interruptis redirected in favor of the

specific conformer that puts (CAA) in the loop region.

In chapter3 we compared the slippage dynamics of (CAG), (CTG), (GAC), and (GTC)
repeat hairpins systematicallye confirm the exigince of the triplet slippage in all foaf these
TNR hairpins. Unexpectedly, we observed a FRET value degeneracy of O slip<dipd
conformational states in (CTG) repeat and (GTC) repeat hainpiith is absent in (CAG) or
(GAC) repeat hairpindVe ued a different donor labeling site and successfully distingditte
degenerate states. Combiniingdings from arearly enzymatic probing stug@pmrane et al.,
2005)with our smFRET observations, the degeneracy phenomenon could be explained by a
folded structure i n t he.Thebéonneaiahs betiveddo®@ TG) or (G
dependencandparity wereobserved on all hairpins. The (CAG), (CTG), and (GTC) repeat
hairpins favor tetraloop structures whereas (GAC) repeat hairpins favor triloop stridtares.
havequantitate the kinetic rates, transition frequency, and population of slip confousarg
our development oK filter, CK edge detection as well as a novel type of hybrid FRET
histograms(CWG) repeat hairpins slip predominantly by two triplets w{B&/C) repeats
hairpins prefer toslipping by one triplet. We also investigdthe (TTG) interrupt on the (CTG)

repeat hairpiriollowing the (CAA) interruption study. Interestingly, our results suggest that
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(CAG) and (CTG) repeat DNA containing interrupts would form a stabilized crucligrm
rearranging the position of interrupts.
5.2 smFRET trajectories analysis basedn CK filter and edge detection

In chapter 3 presented seltbuilt SmFRET kinetic analysis package based on CK filter
and edge detectiohalsodemonstrat¢he implementation of this method and compare the
results vith kinetic rates from other packages based on different algorithanscipating in a
global project where labs around the world apply their own kinetic analysis package to the same
SmMFRET data and compare results wegfy the reliability of edge detéon methodby
sampling the parameter space of edge detedtiaine TNR hairpin studiesdevelopedch new
MATLAB package that helpuses optimize the parameters by visualizing the analysis process
andbatch analysis large quantity of FRET data usingfi@& and edge detection. Assisted by
the results from edge detection, | proposed a new approach to generate histograms of FRET
efficiency with smallefull width at half maximum (FWHMWwhich shows equal if not better
effectcompared with CK filter smooihg.
5.3 Future work

There are many directions éxtendfrom TNR hairpinstudyusing single molecule
FRET.We did not focus on (CGG) repeat structure, which could adopt either an imperfect
hairpin or Gquadruplex in the presence of potassium. We coutdsaigly TNRhairpins in
different contexsuch aghreeway junction, cruciform, or ®NA. Furthermore, incorporating
repairproteinmachineries such as MMR or DSBR irttor TNR DNA studeswill be very
important future extensions, although mooeplicatel. Given the fine structural detatlsatthis
thesisdemonstrates are possible using SmFRET to study TNR DNA haigontRETis

confirmed toprovide new perspectigeand insights intthe TNR DNAphenomena beyond the
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structual studiesthatpeaked ifl990s smFRET will be an essential tool as the fiekplores the
proteinDNA interactionghat are critical to the diseasausing interactions that underly the

TNR related disorders
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ABSTRACT

DMA trinuclectide repeats (TRs) can exhibit dynamic
expansions by integer numbers of trinuclectides that
lead to neurodegenerative disorders. Strand slipped
hairpins during DMA replication, repair and/or re-
combination may contribute to TR expansion. Hare,
we combine single-molecule FRET experiments and
molecular dynamics studies to elucidate slipping dy-
namics and conformations of (CAG), TR hairpins.
Wa directly resolve slipping by predominantly two
CAG units. The slipping kinetice depands on the
evanjodd repeat parity. The populated states sug-
gast greatar stability for ¥-AGCA-3 tetraloops, com-
pared with alternative 5-CAG-% triloops. To accom-
mdate the tetraloop, even{odd}-numbered repeats
have an even{odd) number of hanging bases in the
hairpin stem. In particular, a paired-end tetraloop (no
hanging TR) is stable in {CAG)s - oven, but such situa-
tion cannot occur in (CAG)n = ods, whera the hairpin is
“frustrated™” and slips back and forth between states
with one TR hanging at the 5 or 3’ end. Trinucleotide
interrupts in the repeating CAG pattern associated
with altered disease phenotypes select for specific
conformers with favorable loop sequences. Molec-
ular dynamics provide atomic-level insight into the
loop configurations. Reducing strand slipping in TR
hairpins by sequance interruptions at the loop sug-
gasts disease-associated variations impact expan-
sion mechanisms at the level of slipped hairpins.

INTRODUCTION

Trinucleotide repeats (TRs) are a subset of microsatellite re-
peais in the human genome where a triplet of nucleotides is
repeated multiple times (1). TR tracts may expand or con-
tract in multiples of the trinecleotide unit (2,3). If an ex-

pansion within susceptible penes crosses a certain thresh-
old, it gives rise o Trnucleotide Repeat Expansion Disor-
derzs (2.4-6). TR expansion is associated with more than
40 newrodegenerative and neuromuoscular disorders (3,7-
9}, some of which display “anticipation’, where the age of
disease onset can decrease coincidentally with intergenera-
tional expansion of a2 TR (4,10-12).

Among all the possible TRs, CAG repeats are associ-
ated with the largest category of neurodegencrative dis-
eases. CAG repeats in the exons of diverse genes cause
a variety late-onsect, progressive nourodegencrative disor-
ders including Huntington's disease (HDY), dentatorubral-
pallidoluysian atrophy (DRPLA), spinal and bulbar muss-
cular atrophy (SBMA, popularly known as Kennedy's dis-
ease) and several spinocerebellar ataxias (SCAs 1, 2, 3,
6, 7 and 17) of which SCA2 iz related to rophic
lateral sclerosis (ALS) and parkinsomism (8,12,13). Thesz
pathologies are collectively referred to as polyglutamine
(poly}) discases (14), since the CAG expansion in these
genes leads to proteins with poly() expansions, which ul-
timately form aggregates before eventual neuronal death
{15-1T).

Expansion of TR regions i believed to be related to the
repetitive structure of TRs that could cause slippage during
DMA replication, repair and for recombination (7,8,12,18-
27). Although mechanizms of TR expansion may be differ-
ent fior small scale (expansion of one trinuclectide) or large
scale (expanding large runs of TR at once) mutations (23),
there is broad consensus that secondary structures of TRa,
including hairpins, contribute to both phenomena (24). Mu-
mierous experimental analyses dating back to 1995 (25,26)
and extending to the present have confirmed that non-B
DMA sscondary structures in the expanded repeats con-
tribute to TR expansion (3). In particular, CAG repeats
are associated with hairping in @v vitro experiments with
both DMA (27-34) and RMA (35), and although directly
visualizing 3 TR hairpin v vive is still not possible, indi-
rect experimental data suppests CAG DMA hairping form
i vive (36,37).
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A key behavior of TR hairpinz believed to be associated
with TR expansion is their tendency for the two strands
to slip along each other by integer wnits of the trinu-
cleotide, a phenomenon known as strand-slipping. Strand-
slipping in CAG DMA TR hairpins leading to overhang-
ing single strand DMNA regions has been inferred by indi-
rect methods including single-strand nuclease susceptibil-
iy, polymerase-based extension, and chemical probing of
exposed bases (28,30,38). The dynamics of the strand slip-
ping behavior in TR hairpins has been estimated by observ-
ing temporal evolution of ensemble distributions, kinetics
of conversion of hairpins to duplex, thermodynamic cycling
and single mobscule FRET (258-31,39).

Interruptions of the TR region by mutation of one repeat
unit to a different codon can play important roles in TR
disorders (40}). Genetic studies find that interrupts increase
the stability of alleles for several disease-related TRs (40—
46). In particular, interruptions of a (CAG). repeat tract
by mutation to CAA has strong phenotypic effects in sev-
eral diseases (47). CAG TRs expand less and are associated
with different discasc age-of-onsct phenotypes when inter-
rupted by CAA in SCA1T (46) and SCAZ (13 48-50). In the
Huntingion gene, the {CAG) repeat region normally termi-
nates with 2 CAA codon interrupting the (CAG) tract in
the penultimate position. Rare mutations involving this in-
terrupting codon in HD recently were linked to instability of
the TR region and changes in the HD age-of-onsct: carlier
in individuals with the loss of CAA but later in those with
duplicated CAACAG at the end of the TR region (51,52).
Because CAG and CAA both code for glotamine, the im-
pact of this change on disease phenotype, despite the un-
chanpged poly() protein produced, taken together with ev-
idence that mRNA levels do not impact age-of-onsst (32)
confirms that at least some TR disorder phenomena ooour
at the level of the DMNA.

I vitre studics showed that CAT interrupts in CAG TR
and AGG interrupts in (CGG) TRs both redoce slipped
strand configurations of hairpins (53). Interestingly, CAA
interrupts also increase the fidelity of polvmerase chain re-
action (PCR) amplification of CAG repeated sequences{54)
and reduced TR expansion in a yeast genetic assay {55).
These biochemical characterizations support the hypothe-
sis that interrupis enhance genomic stability of TR.s by sup-
pressing strand slippage in TR hairpins

Despite the extensive evidence that CAG-containing TR
DMNA forms interconverting, slipped-strand hairpines, at
present, there is neither 2 known molecular structure for
a CAG-repeat hairpin nor a complete description of its
strand slipping kinctics. Experimental structural studies of
CAG repeats are limited to R MA using X-ray crystallogra-
phy (56-58), and NMR (58,59). Given that the expansions
that characterize TR= originate at the DNA level, an un-
derstanding of the dynamics of hairpin slipping along with
a structural characterization of these repeats at the atomic
level in DA is particularly important.

In our previous work (60}, we performed free energy and
maolecular dynamics (MDY} studics to determine the pre-
ferred conformations of the A-A non-canonical pairs in
(CAG), and (GAC), TRz (v = 1 to 4) and the conssquent
changes in the overall structure of both RMNA and DNA du-
plexes. We found that the global free energy minimuom cor-
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responds i0 A-A pairs stacked inside the core of the helix
with anti-anti conformations.

In this work, we combine cxperimental and computa-
tional investigations to directly probe the conformational
ensemble and dynamic slipping of CAG TR hairpins. We
use single-molecule fluorescence resonance energy transfer
{=mFRET) to directly observe dynamic slipping in CAG
TR hairpins by integer numbers of CAG units, predom-
inantly two CAG units The observed hairpin dynamics,
which agrees with previously reported parity-dependent be-
haviors (29-11), taken together with our molecular charac-
terization of the conformers points toward the slipping dy-
namics being poverned by a balance between fres ensrgics
in the stem and loop of the TR hairpin that leads to more
frequent slipping in hairpins with an odd number of repeat
units. The details of the loop configuration and the impact
on slipping are confirmed by studies using TR sequence
interrupts that vary the specific loop sequence and result
in strongly preferred conformers. We complement the sm-
FRET studies with classical MD studies, which completely
characterize the atomic configurations, and the structural
origin of the competing encreetic trends between loop and
stemy that drive the slipping of the odd-numbered hair-
pina The simuolations also provide insight into the trigger-
g instability that initiates the slipping process. Our char-
acterization of these spontaneows TR slips defines funda-
miental behaviors of TR hairpins that replication machin-
ery or other repair or recombination-related proteins must
manage.

MATERIALS AND METHODS

ForsmFRET experiments, we designed a two-strand system
involving an anchor strand and a hairpin strand position-
ing donor (Cy3) and acceptor (AttobdTH) fluorophores at
consistent positions for all hairpins (see Figure 1{A), Sup-
plementary Figures 51, 54 and 58) {61,62). All DMNAs were
purchased from IDT (Coralville, 1A, USA), and the sc-
quences are listed in Supplementary Table 51, Biotinylated
DMAs were immobilized at widely spaced locations on bi-
otinylated bovine serum alburmin (bictin-BSA) fstreptavidin
coated quartz slides inside flow chambers. Single molecule
FRET signals were recorded with a homebuilt, pri

TIRF microscope as described in (63) using a 60= 1.2 MLA.
objective, & Dualview image splitter with a 645dcxr dichroic
mirror, HOQS85/T0m {donor) and HOQTOMT5m (acceptor)
filters (Chroma) and an emiCCTY camera (Cascade 5120,
Photometrics) recording at 15 ms per frame using 3 < 3
binning on chip before readout. Images were back ground
subtracted, and then donor intensity (Id) and acceptor in-
tensity ( 1a) were extracted from the movie at each spot iden-
tified to have an active scoeptor in the first 150 ms of the
movie. FRET efficicncy was defined and calculated as Iaf(la
+ Id) and not corrected for gamma factor (64). Histograms
contain all the timepoints of FERET efficiency from mulii-
ple picked molecules. All the histograms are fit with muolti-
ple Gaussian functions to identify the peak locations. Es-
timates of the uncertainty in the reported peak locations
are described in the Supplementary methods and Supple-
mientary Table 2. We used automatic software (65) or man-
wal identification to identify edges of transitions in FRET
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Fipure 1. (A} Schematic DA design for the smFR ET analysis of CAG repeat hairpiss, with donor im blue and acceptor in red. The CAG saquenoe in
parenthesis is repented for various kairpims. The hairpin loop of interest is Inmobilized 1o a surface by a partial complimentary DN A anchor strand. The
mwwﬂuﬂimmm&hﬁﬁnﬂjuﬂmmmjcm bairpins saquences considered im the M simulations. OO0
Watson-Crick pairs were addsd to the ends of short repeats to mimic long aeomicl stems

intensity traces { Supplementary Figure 52{A)). Histograms
of dwell times in each state {Supplementary Figure 52B-F)
were fit to single exponential decay function to extract fit-
ting paramecicrs All measurements were conducted at 21°C
in baffer containing 20 mM Tris-HCIl pH 8.0, 10 mM Ma(l,
and an oxygen scavenging system of 1% glucose, glucose ox-
pdase (100 units/ml), catalase {1000 units, ml), 0.05 mg,'ml
cycooctatetraene and 1% B-mercapioethanol unless other-
wise noted.

The simulations were carried oot wsing the PMEMD
module of the AMBER v.16 (66) software package with
force ficlds 99 BSC1 (67) for DMNA. For the waters, the
TIPIP model (68) was used, as well as the standard AM-
BER force ficld parameters for the ions (6%). The main CAG
hairpins simulated are shown in Figure 1B, To mode] the
long-range Coulomb interactions, the Particle-Mesh Ewald

(PME) meethod {70) with a @ A cutoff and an Fwald cocffi-
cient of 030768 was used. The van der Waals interactions
were calculated by means of a 9 A atom-based nonbonded
list, with a continuous correction applied to the long-range
part. MD production runs were penerated using the leap-
frog algorithm with a 2 fs timestep u:l.ilizinlg Langevin dy-
namics with a collision frequency of 1 ps— at 300 K. The
pressure of the system was maintained at 1 bar using the
Berendszn barostat, with isotropic position scaling and re-
laxation time of | ps. The SHAKE algorithm was applied
1o all bonds with hydrogen atoms. Repular long MD sim-
ulations up to 2 and even 3 s were run for all sequences,
using different initial conformational values for the glycosyl
torsion angles x as will be discussed.

Additional methodological detail in supplementary
methods
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RESULTS
smFRET analysis of DNA containing CAG TRs

For smFRET studics, we used a two strand DNA system
that allowed the specific hairpin to be chanped while main-
taining a consistent placement of the donor and acceptor
dyes (Figure 1A). When the hairpin closcs, the acceptor and
donor are close and we expect high FRET. When the hair-
pin is open, we expect low FRET (near zero). We verified
these expectations with a hairpin formed from a stem of 6
matched Watson-Crick base pairs and a loop of 31 adenine
{A) basez. Thiz A3 loop hairpin has 2 states with FRET
efficiency 0.01 and 0.67, corresponding to open and dosed
respectively, see Figure 24

We measured smFRET signals from DMNA containing
14 CAG repeats, which we designate (CAG )4 (Figure 2B).
When folded into a symmetric hairpin, MD simulations in-
dicate a conformation of a tetraloop (AGCA) with the re-
maining bases paired in the stem containing G-C Watson-
Crick base pairs and A-A mismatches, as shown in models
shown in Figure 21 smFRET time traces from (CAGhs
have transitions among three different FRET efficiencies of
0.65,0.31 and 0.01 (Figurc 28,1} ). The 0.01 state was rarchy
visited, whereas there were many of transitions betwaen the
.31 and 065 states (Figure 2H). The 0.65 state was most
stable with the hairpin populating that state for the major-
ity of the time.

To assist identifying the configuration of the DMNA gen-
erating these FRET efficiencies, we compare these results
to the A31 loop hairpin (Figure 2A). The similarity in the
highest and lowest smFRET efficiency states in the (CAG), 4
and the A3] hairpin experiments leads us to assign the low-
est (0.01) state to the completely open state and the highest
state to the folded hairpin state in both. The slight differ-
ence in the of the FRET efficiency of the closed states (067
for A31 and 0.65 for (CAG),,4), which is highly reproducible
{beyond our uncertainty of +0.01 for those FRET states.
Error estimates and details on FRET efficiency measure-
ments are described in Supplementary Tables 52 and 53.),
is possibly due to transient unpainng of the CG terminal
bazepair of the (CAG)4 as it is positioned beside an AA
mismatch. There was noanalogue in the A3] experiment for
the 031 state observed in the (CAG) 4 experiments, which
we will pursue further below.

We next measured DMNA containing 15 CAG repeats,
referred to as (CAG)s. Surprisingly, smFRET measure-
ments of (CAG)s revealed transitions among four states
with FRET efficiencies 0.73, 0.46, 0.25 and 0.01 {Figure
2C, D). In agreement with the observation in the (CAGhs
study, the 0.01 state was the rarest. Unlike the (CAG)s
study, the 0.73 and (.46 statcs were more equally popu-
lated, sugpesting they have similar stabilities. 'We attribote
the rare 0.01 state to the fully open state based on the sim-
ilarity with (CAG) 4 and the A3l open state. The other
states for (CAG)Hs (025, 046, 0.73) interleave with the
states from (CAG),4 (0.31 and 0.65). The highest state of
(CAG) 5 (0.73) as higher than that of A31 and the (CAG)y,.
This difference indicates that for the 0.73 state in (CAG)y,
the acceptor end is closer to the donor in the anchor com-
pared to the (L65 state of (CAG) . which could happen

Nucleie Acicls Regearch, 2020, Vol. 458, No. 5 2235

from the (CAG),;; hairpin slipping by one CAG unit to-
ward the donor on the anchor strand (Figure 20, which
we denote as "1 slip” in Figure 2(D). Similarly, the 0.46
state could be the {CAG), s hairpin slipping one CAG unit
away from the donor, denoted as “+1 slip’ in Figure 200, Slip-
ping forward or backward by one CAG unit would allow
(CAG) s to form an AGCA tetraloop turn with the stem
assembling into the CAG/GAC aligned pairings, whereas
aligning the CAG/GAC pair at the end of the (CAG); 5 hair-
pin (denoted ‘0 slip’ in Figure 2D) would require the loop
to contain one CAG unit, a CAG triloop {Figure 20). Pre-
vious studics indirectly obscrved odd repeat TR hairpins
tolerating single trinucleotide stem overhangs to accommo-
date tetraloop structures as reporied by noclease suscep-
tibility, polymerase extension, and chemical susceptibility
of specific guanine bascs {H.ﬂﬂ 38). Additionally, our MD
simulations {discussed below) indicate CAG triloops are
substantially less stable than AGCA tetraloops. Continuing
with this hypothesis, the 0.31 state of (CAG)1 could be slip-
ping two CAG units and the 025 state of (CAG) s slipping
three CAG units (*+2° slip and “+3 slip respectively).

We designed DMNAs to test whether the intermediate
states are consistent with hairpin slipping by multiples of
trinucleotides. Adding unpaired T bases between the 3 end
of the hairpin and the anchor displaces the folded hair-
pin and associated acceptor fucrophore on the 5 end by
a known number of unpaired trinucleotides away from the
donor. We inserted three extra Ts in CAG repeats con-
taining 12, 13, 14 and 15 triplet units (called (CAG)H T,
(CAGH Ty, (CAGH,T; and (CAG)sT; respectively (Fig-
ure 2E, F and Supplementary Figure 51). Our models of
(CAG), and (CAG); slipping (Figure 213} sugpgest that
the lower state of (CAG), s (E = 0.46 due to a slip of one
CAG unit — 3 bases) should be similar to the highest state
in {CAG) 4T, which has E =045, Similarly, our model for
the low state in {CAG)4 being due to a slip of two CAG
units (six bases) should compare well with the low state of
(CAG)HsT3 (assuming the low state in (CAG)s s due to
one CAG unit slip), which they do, E = 0.29 versus 0.3].
Theses results strongly suggest that the lower FRET state in
{CAG) 5 is due to slipping by one CAG unit and the lower
FRET state in (CAGHh4 is due to slipping two CAG units.

These observations highlight systematic differences in be-
havior of odd and even numbers of CAG repeats. Even-
numbered repeats (e.g. (CAG)s) accommodate an AGCA
tetraloop with a fully strand-paired stem (withowt hang-
ing trinucleotides) {Figure 2I). An alternate, less preferred
configuration for even TR hairpins has the stem sli by
two CAG vnits, which aleo forms an AGCA tetraloop. In
odd-numbered repeats (e.g. (CAG), 5 ), a paired-end stem re-
quires formation of & CAG triloop, which we find sponta-
neously slips forward or backward by one trinuckeotide to
form an AGCA tetraloop with a hanging trinucleotide in
the stem. We measured the dwell times in each state between
transitions among these states in many single molscules for
both (CAG),, and (CAG), s hairpins (Supplementary Fig-
urcs 52 and 53). Fiiting histograms of these dwell times
with single exponential functions allows the characteris-
tic lifetinees to be estimated. These quantitative dwell time
measurements (Supplementary Table 54) confirm that the
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{CAG)s hairpin is more dynamic with more frequent slip-
ping transitions than the {CAG )4 hairpin (Figure 2H), supg-
gesting the potential triloop for odd-parity hairpins fimes-
trates their stability. We have verified this general pattern of
states and kinctics is observed in other numbers of even and
odd CAG repeats by measuring hairpins with 7-13 repeats
(see Supplementary Figures 55 and 56). The dwell times be-
come shorter as the hairpins become shorter. It is possible
that the FRET states observed in the shortest hairpins (e.g.
{CAG);) arise from rapid averaging of two underlying con-
figurations interchanging at a rate just below our 15 ms res-
olution {71). Transitions between the fully open hainpin and
any closed hairpin state (any degree of slipping) were rarc
compared to transitions between closed states of the hair-
pin with different degrees of slipping for both even and odd
CAG repeat numbers sugpesting the barriers to open ane

larger than to slip. The characteristic dwell time for (CAG
were longer at 153°C compared to our standard 21°C mea-
surements {Supplementary Table 54) while the populations
of the states were not strongly affected {Supplementary Fig-
ure 57), suggesting the barrers between the states are on
order of thermal energy around room temperature. In addi-
tion, higher cation concentration stabilized the symmetric
folding state {indicated by an increase in the highest FRET
state population) and slightly increase the FRET efficiency
of the state (0.73 in 10 mM NaClL 0.76 in 100 mM MNaCl,
078 in 1000 mM MNaCl, and 0.81 in 10 mM MgCl;) for
{CAG);s (Supplementary Figures 53 and 57). The differ-
ence in stability of the slipped CAG states in even and odd
numbers of repeats suggests that a delicate balance between
energies in the combination of the stem and either triloops
or tetraloops that form in CAG repeat sequences make criti-

ke cormesponding chserved populations (lower edge) of
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cal contributions to the overall stability of the slipped states
of the CAG repeat hairpins.

CA A interrupis select preferred slipped strand conformers of
(CAG), TRs

Because CAA interrupts within (CAG), tracts impact dis-
ease phenotypes in HD and in SCAZ, we measured (CAG )5
hairpins that were interrupted by CAA at the seventh
and eighth position (noted as (CAG)(CAANCAG) and
(CAGRICAANCAG)K). The interrupt is located near the
natural loop postion in these constructs (Figure 3A). Plac-
ing the CAA interruption at position 7 (Figure 30) dra-
matically stabilized the +1 slip with a new, minor popula-
tion forming at 0 slip (FRET (L65). The CAA interruption
at position 8 {Figure 3{C)} stabilized the —1 slip state and
also generated a small population of 0 slip not observed
in (CAG) 5. For the seventh and cighth position CAA in-
terrupis, slipping transitions were strongly suppressed com-
pared to uninterrupted (CAG) 5 (Figure 3E).

The stabilized states with the CAA interrupt at the
seventh and cighth positions both are consistent with a
tetraloop sequence of AACA closed by two G-C Watson—
Crick bonds, differing from the AGCA loop that is prescnt
in the two states that interconvert for the (CAG),s hairpin.
The minor 0 slip state in the CAA interrupted hairpins may
b a larger, 7-bass loop assuming the possible G—-C basepair
within that loop is not stabilized. Importantly, the shipping
by two CAG units (between +1 and —1) that is characteris-
tic of (CAG s is eliminated by CAA near the loop. Intotal,
these studics indicate that the presence of & point mutation
generating a single CAA interrupt dramatically stabilizes
the strand-slipping dynamics in the CAG TR hairpins when
the sequence change ocours in the loop.

smFRET experiments of loop sequence variants

We tested additional interrupts in (CAG) s to investi-
gate the relative influence between the loop and the clos-
est base pairs in the stem on overall hairpin configura-
tion bias, Changing the middle CAG in (CAG s to AAA
({CAGH{AAANCAG)?) results in a triloop configuration
that has AAA or a tetraloop with AGAA and the loss of a
G-C at the base of the loop (Supplementary Figure S8C).
For this construct, we measured predominantly 0.65 with
only short, rare excursions to 0.37 and nearly no open hair-
pin {(0.01), indicating that the fully matched CAG/GAC
paired stem (0 slip) with the AAA triloop was highly sta-
bilized relative to the slipped stem with a tetraloop (middle
model, Supplementary Figure S8C).

The triloop configuration of {CAG)ys could be stabilized
by adding three Watson—Crick base pairs to the end of the
hairpin (Figure X G) and Supplementary Supplementary
Figure 51F). For TOC{CAG ). GG A, we observed only one
state at £ = 0,67, consistent with the ends of the hairpin be-
ing stable locked by the TOC/GGA basepairs. The (CAG )5
middle section could either form a matched CAG/GAC
stem with a CAG triloop, or yet another more complex con-
fipuration containing a bubble of unpaired bases. These se-
guence varants confirm that changes as small as 2 bases
in the loop or 3 bases at the end of the stem dramatically
change the configuration of {CAG)s.

Nucleie Acicls Regearch, 2020, Vol. 458, No. 5 2237

In another  imterrupt variant of  (CAG)Hs,
(CAG)(CGGHCAG)  (Supplementary Figure 58D,
we ohserved preference for a different tetraloop. In this
sequence, tetraloops can be either GGCA (+] slip) or
AGCA (-1 slipy. smFRET measurements for this sequence
found the 0.46 state to be nearly 10 times more populated
indicating the GGCA loop is substantially favored over
the AGCA. Motably, the potentinl CAG triloop that
would accompany matched stem alignment was absent.
Demonstrating the subtle energies of these configurations,
the AGCA tetraloop can be stabilized relative to the TGCA
tetraloop (left model 046 FRET, Supplementary Figure
S8(E)) by changing a single base (G to T) as demonstrated
in the variant (CAGRCTGHCAGE (Supplementary
Fipure S8(E)). In this variant, the 073 state is dramatically
stabilized compared to that state in (CAG)(CGGHCAG)s.

In contrast, an ACCA tetraloop with one CAG unit
slip in the stem can be stabilized in the seguence
(CAG)(CACKHCAG), which replaces only one G base of
the loop in the onginal {CAG)s by & C (Supplementary
Figure 58A). We obhserved (CAG)(CACKCAG) primar-
ily exists in the 0.46 FRET state, confirming that the AOCA
tetraloop was preferred. A minor population was observed
at 065, which could be a matched stem with larger loop
ACCAGCA (expected E = 0.64) and seems unlikely to be
the forward slipped AGCA tetraloop closed by one fewer
hasepairs in the adjacent stem (expected E = 0.73).

Shifting the G to C substitution ito the other
side of the loop has unexpected conssquences For
(CAG)g(CACHCAG), we measure three states (in addition
to the rare E = 0 open state): 0.25 (20F% population), .46
(35% population) and 065 (40°%% population) (Supple-
mentary Figure 58B). The 0.46 state is consistent with the
hairpin slipped back by one CAG unit (+1 slip), forming
an AGCA tetraloop. The G to C substitution sacrifices
one W-C base pair far down the stem. Similarky, the 0.25 is
similar to the hairpins slipped by two CAG units (+2 slip).
The 0.65 state is substantially different than the £ = 0.73
FRET level expected on forward slip by one CAG umit (—1
slip). It is closer to the values scen when the CAG/GAC
peir symmetrically at the end of the stem with no slipping.
In this case, the G to C substitution eliminates one C-G
baszpair in the lock between the stem and loop. This one
base pair lock may not be sufficient and it could open to
form & nine hase pair loop.

Taken together, these result highlights the subile balance
between loop and stem free encrgies in determining the sta-
hility of the triloop and tetraloop confipurations of CAG re-
peat sequences. Measurements of the energy differences for
some hairpin states derived from DMNA melting are reported
in Supplementary Table 55 and Supplementary Figure 59

Atomistic M) simulations

Our smFRET experiments indicate different hairpin slip-
ping in cdd and even number of repeats in CAG sequences
but cannot uneguivocally determine the number of bases
that form the hairpin loop. Based on indirect evidence
{27,72-T4), it has been suggested that these loops can be
tight, i.e. formed by a few bases. We used MD simulations
to provide insight into the full atomic level conformations
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Fipure 3. CAA Intermapts near the loop can stabiline (CAG )« strand-slipping transitions. {A) Schematics of possible folding configuratioss and smFRET
resaalts for (CAG)) s and several CAMN inferruptsd (CACG s TR hainpiss. Saquences are indicated at the top of the diagram. SEp desigeation and observwed
populations are indicated alomg the lower edge. Resalts of (CAG) s experiment from Figure 2 are listed for comparison. (B-1¥) Histograms of smFRET
measurements for the bairpins dingramed in (A ). (E} Representative time traces (upper panels, donor signal in blue, acceptor signal in red) and ciculated
FRET values (lower pamsls, black) for the (CAG)yy and the CAA intemmupied (CAG ) s TR hairpins.
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Fipure 4. (A) The sheared .G pair with & C{O2)-HH1) H-bond in the
sitable clamped triloop of CAG] (Figare 1). (B) A side view of ithe CAG
triloop with ClHue), Adjoramge) and GS{cyan). (C and ¥} Two lomg-
lived loop comformations for CACGH (Figure I}:I_C}S{u}l.{ug-ﬁ[ij[.m-
bie) amd (D3] &{as}-L{s} £3(s} (kinetic trap). The carinan only shows the

residues from A% o A2 with A&{blue), GTjorange)., ﬁ[mdj. Abyoyan)

amd AL A I Xgreen). (E) The strong stacking between the A-A mismaich
-mmpdmm&mw immedi-

asepair

ately below: C5{ycllaw)/Ab{blac) and Aticyan) /G HXpink) in the Siaz)-
Li{as)Gi(a) conformation (bases in the ¥-AGCA-Y wetmaloop in confor-
Mo @eri-eri-ari-g)f, wilh amwi-ami conformation for the first mis-
maich closer o ihe loop, see bext). (F) The two-stack loop im Liax)
[A-A in F-AGCA-Y in anti-anti) for CAGL. Bases i oolors: ANBus),
CA{orange)., Clired) and Afjcyan). (G) View for (F) of the stacking of
A bluz)(Cidjomnge) and CHirad)/ Afjyan).

of CAG hairpins and relative stabilitics of specific loops
configurations (Figure 1B). Simulations with 27 different
initial structures for triloops for a total time of 33.5 ps
and 38 initial structures for tetraloops for a total time of
7.5 s were performed. In addition, we ran CAA, AAA,
CAC, CGG mutated sequences starting from both triloops
and tetraloops (Supplementary Table 511), and {(CAG),,
(CAG), ; and (CAG); s hairpins both at Oand 100 mM NaCl
in order to identify the spontaneous transition from the less

stable triloop towards the tetraloop.

Triloop simulations

Simulations of the CAG1 hairpin (5-CG-CAG-CG-3, Fig-
urc 1{B}) considered four possibilities regarding the x an-
gles in the CG base pair closing the CAG triloop: CHanti)-
GS{anti), C3{anti)}-G5(syn), CIH{gyn}-G5(anti)and C3(sym)-
G5isyn). Combined with two conformations for the middle
A base: Ad{anti) and A4 syn) (Supplementary Figure 510,
gives a total of eight different triloop conformations. All
conformations for the CG pair in CAG involving a syn an-
gle are unstable, and only C(anti-Gianti) is stable. A on)
converts into A4 ansi) after 10ns, which results in a stronger
stacking of A4/ G5, as shown in tary Figure 510,
The hairpin with every base in CAG in anti-conformation
is stahle after 1 ps simulation. This triloop shows a sheared
C- pair (Figure 4A), which has been reported on a GAC

Nucleie Acicls Regearch, 2020, Vol. 45, No. 5 2239

triloop (75). The sheared C-G pair has a typical C{O2)-
G{M1-H1) hydrogen bond. A side view of the CAG triloop
is shown in Figure 4B. The two G-C Watson—Crick base
pairs in the stem help stabilize this triloop.

To study the stability of hairpins with longer stems,
we simulated CAGI (F-G{CAG)-C-) and CAGS (5-
(CAG);-3) (Figure 1(B)). Both were found to be unsta-
bile although there is increased stability as the stem length
is increassd. In particular, CAGS begins unraveling at ap-
proximately 5 s See supplemental discussion for morne
details (Supplementary Table 56, Supplementary Figures
511-513) as well as & discussion of an observed anti-syn ver-
sus anti-anti transitions in the A—A stem mismatches (60) as
ion concentration is incrcased.

Tetraloop simulations

We simulated even CAG repeat numbers to examine 5-
AGCA-Y tetraloops. For studies of CAG? [5-G-(CAG):-
C-3'], numbering in the tetraloop as A3-G4-C3-A6, Fig-
ure 1B}, we set initial conformation of the C5 base as
anti because it can flip fast. There are four possibili-
ticz regarding the x angles in the A-A basc pair closing
the loop: AMamnl-Ablatn), AMatrip-Aoam), A an)-
Ab{ahii) and A3 spn)-AG{5m). We name them Liaa), Lias),
Liza}, Liss) (L stands for loop) ( ntary Figure
514). The G4 base can have two conformations: Glanr)
and Gizpn), which resulis in eight different initial confor-
mations.

Time courses for CAG? demonstrate that loop A3-G4-
C5-Ab populates possible stable conformations during the
2 s simulation (Supplementary Table 57, Supplementary
Figure 515). These include Li{as}—G{a); Lizsa}-Gisk Liss}—
Gis); and Liaa}-Gla) and L{sa}-Gia) that interconvert into
each other. Additionally, a different type of loop structure
with A/G and C/A stacked on different sides was found
in Liaa}-Gia) and Liss}-Gia) (sce Figure 4F for L{aa)).
We name it 2 two-stack loop since it has two stacks of
overlapping bases. Stacking of A3/G4 and C5/A6 con-
tribute to the relative stability of the structure { Figure 40).
Two-stack loops have not been observed experimentally
in DNA but have been ed in some RNA tetraloops
(PDB I 1K4A (76), 1AFX (T7), 1K6G (TR)). None of the
tetraloops studied exhibit a full blown instability, as some
of the triloops did. Supplementary Movie 51 in the supple-
mental discussion shows an example of a transition from
Li{aa}-Gis)to L{aa)-Cifa) at ~390 ns. This loop then transi-
tions to a two-stack | ~1370 ns and it finally transitions
back to the regular tetraloop ~ 1500 ns.

We next simuolated CAGH [5'-GACAG.-C-3"], where an
extra stem A—A mismatch may impact hairpin stability
{Figure 1B). We considered three initial conformations for
the A—A mismatch (A3(ai-A ] o), A aril}-A01200m)
and AXzyn)}-Al2anei), named S{aa), S{as) and S(za) re-
spectively, where 5 stands for stem (Supplementary Fig-
ures 516 518, Supplementary Table 58). We found that
the S{aap-L{as}Gia) conformation has high stability in the
2 ps simulation and other initial states transition to this
configuration frequently (Figure 4C) Another conforma-
tion of S{as)-L{=s}-G(s) in kinetic trap was also ohserved
{Figure 413). Liga}—Ci{a) conformations (with different A—
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A arrangements) coexist with two-stack loops, and are also
long-lived. The stability of S{aa)}-L{as}—(5(a) isenhanced by
C5/Aa6and A9/ G10stacking ( Figure 4E). Other transitions
1o two-stack loops are discussed in the supplemental. The
analysis of hydrogen bond and basc-stacking arc presented
in Supplementary Tables 58510, while Supplementary Fig-
ure 519 gives a principle component analysis.

Since transitions between different hairpin conforma-
tions are relatively rare in the simulation time scales, we
cannot carry out & strict cluster analysis bat we can present
an approximation to it, as shown in Figure 5. This figure
iz a schematic summary of the 72 times trajectories of the
RMED of the AGCA tetraloop in the CAGH hairpin and
of the ¥ angles of the neighboring A3-A12 mismatch, as
well as of the associated transitions between different con-
formations (Supplementary Figure 516-518). Circles repre-
sent the cight loop conformations and the thres two-stack
loops found in our simulations, averaged over the confor-
mation of the A—A mismatch nearest to the loop. The area
of each circle represents the percentape of the total simuo-
lation timee that the hairpin spends on that conformation,
while the width of the arrows is proportional to the fre-
quency of transitions. 'We define a “well-connected” circle
a3 one that has at least two arrows linked to it. A grow-
ing circle is one where the net incoming arrows (incoming
Arrows minues outgoing arrows), weighed by their width, is
positive. A shrinking circle has net weighted incoming ar-
rows negative. Thus, the most favored conformations cor-
respond to large, growing circles The largs circles corre-
sponding to Liss}-Gia) and Liss)}—G{s) are not well con-
nected because they correspond to kinctic traps (scc more
details and principal component analysis in Supplementary
Figure 519 in supplemental discussion). The most favored
conformations correspond to large, growing circles There
are two net growing circles, the red L{as}-Gia); and the two
versions of Liaa}-Gia): the blue circle (one stack) in coex-
istence with its two-stack alternate conformation (shaded
circle). Thess are the most favored hairpin conformations
for the tetraloops

Interrupis in CAG hairpins to test loop stability

In simulations of hairpins containing variants of the CAG
repeat sequences (Supplementary Table 511), we observe
dynamic loop re-arrangements consistent with experimen-
tal resulis. For both triloops and tetraloops with CAA in-
terrupts, we simulated the structures with the interrupt at
different positions as the experiment did. First, we notice
that the triloops (with the CAA interrupt in the middle or
1o either side of the triloop) tend to show weaker stability,
in agreement with the smFRET results. The initial triloops
convert into a heptaloop | CAG)s—CAAACAG)g]. or mani-
fest a tendency to slip [[CAG)—CAA—{CAG),, which shifts
one base towards the ¥ direction, consistent with the —1
glip behavior observed in experiments]. 'With respect to the
tetraloops, our simuolations show that 8 CAA interrupt in
the 5 side of an AGCA tetraloop is not stable, in agreement
with the zero population for —1 slip in the (CAG),—CAA—
(CAG)y smFRET result (Figure 3). The simulation where
the bases C and A of the interrupt CAA form part of the
tetraloop AGCA-A is not stable either, in agreement with

the zero population for the +1 slip in the (CAGR-CAA—
(CAG); smFRET result (Figure 3). Finally, the AACA
tetraloop shows good stability, in agreement with the -1
glip in in the smFRET (CAGH-CAA{CAG); hairpin {T0%%
population) and the +1 slip in the smFRET (CAG);—CA A~
(CAG)g hairpin (85%: population).

With respect to the AAA mutation, the AAA-triloop re-
mins stable during the simuolation, in agreement with the
smFRET AAA trloop hairpin. On the other hand, sim-
ulations show that the AAA-mutated tetraloop shifted to
the usual GAA triloop. For CAC and OGO mutations,
the triloop is not stable, also in agreement with the experi-
ments For the CAC and CGG mutations in tetraloop form,
the simulations are stable. This supports the assumption in
FRET experiments that the triloops with CAC and OGG
mutations shifted to the lower free-cnergy tetraloops de-
tected by FRET.

Structurally, these resulis can be explained as follows.
When the synonymous point mutation G—A changes the
F-AGCA-Y tetraloop into the 5-AACA-Y tetraloop, the
stacking previously described for the AGCA tetraloop
iz preserved, and the same stability considerations apply.
However, when this mutation takes place anywhere clsc in
or close to the loop in the hairpin, it either adds mismatches
or destabilizes the stacking, therefore resulting in less stable
hairpinz.

The AAA triloop has a stronger purine-purine stacking
{A/SA) compared with the pyrimidine-purine (C/A) stack-
ing in the CAG triloop, which enhances the AAA triloop
stability. The AAA-mutated tetraloop morphs into a larper
CAGAAA loop, which increases disorder and reduces the
number of Watson-Crick base pairs. It becomes unstable
and transitions to a stable GAA trloop. Similar expla-
nations apply to the CAC and CGG triloop mutations.
When the CAC and CGG mutations occur in tetraloops,
the tetraloop stability is conserved due to the presence of
purine-puring mismatches closing the loop: A-A in the
ACCA tetraloop formed by the CAC mutation, and G-A
in the GGCA tetraloop formed by the CGG mutation. In
addition, they have a G-C Watson—Crick base pair imme-
diately after, helping lock the tetraloop.

Extended (CAG), triloop

Both experiments and simulations indicate that CAG
triloops are less stable than AGCA tetraloops. Thus, we car-
ried out MD simulations on an initial (CAG), triloop (8
=9 11, 15, at 0 and 100 mM MNaCl) to gauge the steps in
the transition towards a tetraloop. Depending on the case,
base shifting produces GCA triloops and GCAG

({Supplementary Table 512). For instance, the (CAG), s hair-
pin under 100 mM MNaCl excess salt undergoes large fluctu-
ations after 1 ps, and at & certain point a base pairing shift
resulis in a GCAG tetraloop. As shown in Supplementary
Figure 520, the original A20-A26 mismatch immediately
preceding the triloop breaks due to the flipping of the A26
base into the minor groove, This causes the C25 base to shift
down along the 37 direction to form an A20-C25 mismatch,
leavimg G21, C22, A23 and G4, in a temporary GCAG
tetraloop conformation. We suggest that this is the first step
in the mechanism of the shift transition from an unstable
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Fipuee 5. Eesults for the cluster-like analysis of diffsrent conformations for the AGCA tetmloop in the CAGY hairpin. Differssd conformations are rep-
resemied as different colors. Three different kinds of two-stack loops are shown im different shadows. The armss of the circles ame representative of the
percentape of Gme that the system spends in that conformation. Likewiss the arrows indicate the observed transitions during the simualation with the width
of the armow representing the estimated frequescy of transitices. Favorable conformations ane indicated by arge, growing cirdes. The simalstion mesults
show that the Ljas)-Gin) (rad; AGCA in ohi-ohi-ahii-sps conformation) and the two versions of Liaa}-Ga) (blue, gray with horizontal Ene shading;
AGCA all in anei conformation)) are the most favorable conformations, as disoassed in the text.

CAG triloop to a tetraloop. As experiments observed tran-
sitions between slipped states both involving tetraloops, it is
suspected this transient, unstable triloop might be in inter-
mediate state during the transition that is too short-lived to
be resobved in experiments. A similar shifting behavior was
observed in {CAG) with mero salt, but a GCAG tetraloop
with two-stack structure formed after transition from an in-
termittent unstable CAGC loop structure (see Supplemen-
tary Movic 52).

DISCUSSION

In this work, we have used smFRET measurements and
MD simulations to characterize the structure and dynam-
ics of DA hairpins formed from CAG TRs, Including dif-
ferent lengths and for mutations due to interrupting trinu-
cleotides, the smFRET cxperiments have included 23 dif-
ferent sequences, and the MDD simulations have included 13
different sequences with 71 different initial conditions. The
smFRET results for the (CAG)H, and (CAG),; oligomers
show that the (CAG), olipomer displays transitions be-
tween 065, 0.3] and 001 FRET states, while transitions
far (CAG) s correspond to 0.73, 0.46, 025 and 0.01 FRET
states (Figure 2). The 0.01 state corresponds to the open
hairpin, a state that is rarcly obscrved. These FRET val-
ues for even and odd hairpins interleave and represent so-
guential amounts of slipping of one strand of the hair-
pin stem with respect to the other by inteper units of the
CAG TR. Using the hairpin with paired ends as refer-

ence (zero slip), the FRET states and the associated slips
are: 0,73 (-1 slip, 3 — ¥, such that one TR overhangs
at the ¥ end ), 0.65 (D slip), 046 (+1 slip, 5’ - ¥, one
TR overhanging at the 3 end), 0.31 {+2 slip) and 0.25
(+3 slip) (Figure 20). Using smFRET to observe real-
time tnnucleotide stem slipping dynamics confirms previ-
ous results using chemical probes of guanine accessibility,
polymerase based extension, or single strand nuclease ac-
tivity that support such configurations (ZE—30,38). How-
ever, there are subtle differences, such as the use of only
even-numbered sequences (CAG), in those studies. For in-
stance, the sequences employed in gel electrophoresis ex-
periments in (29) are of the form (CAG)(CTG), (whene
triloops are enforced through Watson-Crick pairing with
the seli~priming CTG repeats). In addition, smFRET di-
rectly reveals spontaneous, dynamic slipping between con-
figurations with varable degrees of slip and undedines the
completely different dynamic patterns between even- and
odd-numbered sequences.

Folding CAG TRas into hairpins without any overhang
in the stem requires triloops for odd repeat numbers and
tetraloops for even numbers of repeats (Figure 7). There-
fore, the offset in slipping number we observe between
odd and even TR suggests slipping is driven to achieve
the tetraloop configurations, as was previously suggested
{29.30). The ability to stabilize tnloops by changing only
a few bases either in the loop or the stem indicates that a
competition between loop and stem frec energy is delicately
balanced. Indeed, a recent smFRET study {79) of CAG re-
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